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The ever-growing demand for electrical energy storage (EES) devices is creating 
great opportunities. Especially for the rechargeable ion batteries, great success has 
been achieved during the last two decades. Since the 1990s, the lithium ion batteries 
(LIBs) have been commercialized and come to dominate the market owing to their 
high safety, stability, and capability of storing and converting clean energy to 
provide a constant power supply. For them to acquire high energy density and 
improved cycling performance, however, modification and new designs for 
electrode materials are still a task for researchers. In the meanwhile, due to limited 
lithium resources, it is desirable to find an alternative for next generation EES 
devices. Sodium ion batteries (SIBs) have emerged as one of the most promising 
candidates because sodium containing compounds are abundant and have cheap 
raw materials. Compared to the Li-ion battery system, sodium possesses a larger 
ionic radius (1.06 Å for Na+ versus 0.76 Å for Li+) and about 300 mV higher 
reduction potential than lithium. In lithium containing compounds, lithium can exist 
in octahedral or tetrahedral coordination. Sodium rarely has the tetrahedral 
coordination but prefers octahedral and prismatic coordination. 
Side reactions between the electrolyte and electrode materials will have a bad effect 
on the cycling performance. Conventional carbonate-ester electrolyte will have side 
reactions with polysulfides, resulting in irreversible capacity and bad cycling 
performance. Thus, when transition metal sulfides are used for lithium ion batteries 
and sodium ion batteries, ether-based electrolyte is a better choice that can achieve 
long cycle life. FeS2 microspheres have been synthesized through solvothermal 
reaction and were used for lithium storage. The as-prepared FeS2 showed stable 
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discharge capacities of 680 mAh∙g−1 at 100 mA∙g−1 and 412 mAh∙g−1 even at 6000 
mA∙g−1 by with 1 M bis(trifluoromethane)sulfonimide lithium salt in diglyme as 
electrolyte. The capacity retention was as high as 90% after 100 cycles at 1000 
mA∙g−1. 
The reaction mechanisms of the electrode materials for sodium ion batteries are 
similar to those for lithium ion batteries, which can always be classified into three 
categories: intercalation, conversion, and alloying. Some conversion type materials 
always present intercalation reactions at the beginning of the sodiation process. 
Compared to the conversion reaction, the intercalation reaction may maintain a 
stable crystal structure and offer improved cycling performance. Therefore, by 
controlling the cut-off discharge voltage, some conversion type materials such as 
FeS2, MoS2, etc. are kept from undergoing conversion reactions. Herein, MoS2 with 
expanded layers was synthesized and characterized as an anode material for lithium 
ion batteries in ether-based electrolyte by cutting off the terminal discharge voltage 
at 1.0 V to protect MoS2 from the conversion reaction. The as-prepared MoS2 
achieved 96% capacity retention even after 1400 cycles and showed good 
performances in a full cell with LiCoO2 as the counter electrode. 
Two-dimensional materials possess a unique structure for sodium storage. Among 
them, transition metal chalcogenides exhibit significant potential for rechargeable 
battery devices due to their tunable composition, remarkable structural stability, 
fast ion transport, and robust kinetics. Herein, ultrathin TiS2 nanosheets are 
synthesized by a shear-mixing method and exhibit outstanding cycling performance 
(386 mAh∙g−1 after 200 cycles at 0.2 A∙g−1). To clarify the variations in their 
galvanostatic charge-discharge curves and superior cycling performance, their 
reaction mechanisms and morphology changes have been systematically 
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investigated. This facile synthesis method is expected to shed light on the 
preparation of ultrathin two-dimensional materials, with unique morphologies that 
could easily enable their application in rechargeable batteries. 
Functional nanomaterials with rational hollow structure designs have great 
significance in materials science and engineering. The main features of hollow 
nanomaterials are their inner voids and large surface area, which can endow them 
with the capability to store gases or liquids and catalyze interface reactions. Anode 
materials in sodium ion batteries can take full advantage of hollow nanostructures. 
Herein, we propose a facile self-templating synthesis route to prepare ultrathin 
double-shell Cu3P hollow nanoboxes. The hollow structure and voids between two 
adjacent shells are found to introduce adequate active sites and buffer the volume 
expansion during sodiation/de-sodiation processes. The as-prepared double-shell 
Cu3P nanoboxes delivered a stable capacity of 334 mAh·g
−1 at 50 mA·g−1 and 
exhibited improved rate performance and cycle life. These results are expected to 
shed light on the synthesis of other transition metal phosphides and to find their 
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Chapter 1 Introduction 
1.1 Background 
Energy storage and conversion system has become more and more popular, because 
of their essential use in mobile devices such as laptop computers, smart phones, 
electric vehicles, etc. and in large-scale stationary power stations. Rechargeable 
batteries are one of the most important types of energy storage and conversion 
devices, and have been well investigated and applied in numerous areas, some of 
which is derived from the considerable driving force to establish energy supplies 
from green and renewable sources, such as solar, wind, and tide energy. 
Commercial lithium ion batteries based on LiCoO2 and graphite have been 
developed since 1990. Because of their long cycle life and high energy density, the 
LiCoO2 and graphite system is irreplaceable even after almost 30 years. The search 
for the new electrode materials and modifying existing materials have never 
stopped, since they are necessary to keep up with the technological revolution in 
their applications. The discovery of high capacity-type Ni-rich lithium metal oxides 
and high voltage-type spinel LiNi0.5Mn1.5O4 has widened the application of lithium 
ion batteries. Compared to the conventional type batteries such as the nickel metal 
hydride batteries, lead acid batteries, Zn- Mn batteries, etc., lithium ion batteries 
have the advantages of high energy density, long cycle life, low self-discharge, and 
a simple reaction mechanism. 
Sodium ion batteries are one of the most promising alternatives to lithium ion 
batteries owing to our practically unlimited sodium resources (from the sea). 
Moreover, sodium ion batteries share a similar mechanism and setup to lithium ion 
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batteries. A comparison of basic parameters of Li and Na is summarized in Table 
1.1, which shows that sodium is much cheaper than lithium (carbonates). 
Nevertheless, lithium has lower potential, a smaller ionic radius, and atomic weight, 
and possesses higher specific capacity and a higher melting point. The larger ionic 
radius makes sodium less robust than lithium in its chemical reactions. Some 
typical electrodes used in lithium ion batteries do not have comparable performance 
in sodium ion batteries, such as graphite or some metal oxides. Thus, efforts are 
ongoing to find new materials for sodium ion batteries. For cathode materials, 
sodium metal oxides and Prussian blue analogues are the most promising 
candidates for commercial sodium ion batteries. For anode materials, hard carbon 
is very promising for commercial use because of its high capacity (~300 mAh·g−1). 
Table 1.1 Comparison of characteristics of Li and Na.1  
 lithium sodium 
Price (for carbonates) $5000/ton $150/ton 
Voltage vs. SHE  -3.0 V -2.7 V 
Ionic radius  0.76 Å 1.02 Å 
Atomic weight  6.9 g mol-1 23 g mol-1 
Capacity  3829 mAh g-1 1165 mAh g-1 
Melting point 180.5 ℃ 97.7 ℃ 
Coordination preference Octahedral and tetrahedral 
Octahedral and 
prismatic 
* SHE is standard hydrogen electrode. 
1.2 Challenges 
Due to the ever-growing demand for high energy density and power density at an 
affordable cost, electrodes materials with high capacity, high working potential 
(cathode), high Coulombic efficiency, long cycle life, etc. are particularly needed 
in lithium ion batteries and sodium ion batteries. Moreover, the technical issues in 
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sodium ion batteries are even worse than in lithium ion batteries, even though they 
share similar battery chemistry. 
For cathode materials, sometimes the synthesis of pure phase product is hard, and 
the content of impurity phase will have a great influence on the battery performance. 
During the electrochemical reactions, the structure and phase changes are very 
important for understanding the electrochemical performance and provide various 
means for further improvement. Especially in the sodium chemistry, the as-
prepared cathode materials tend to be air sensitive, raising the difficulties for 
storage and transportation. Cathode materials also operate at high voltage, which is 
critical for electrolyte selection and modification. 
For anode materials, low initial Coulombic efficiency can consume lithium/sodium, 
resulting in low energy density. Some capacity loss is derived from the solid 
electrolyte interphase film formation on the surface of the electrode materials, 
although it protects the electrolyte from further decomposition. Furthermore, the 
electrolyte may react with some charge or discharge products, leading to gradual 
capacity fade. Second, the large volume changes after sodiation will cause severe 
capacity fade and pulverization. Third, some electrodes cannot be reversibly 
generated after first cycle charge or discharge. The complex phase changes or 
structure collapse will result in a short battery lifetime. 
The above-mentioned challenges urgently need to be solved to further improve the 
battery performance. In the case of sodium ion batteries, there are still no 
commercially developed batteries. There will be some technological issues that are 
very difficult to solve. To overcome these difficulties, cooperation between 
academic institutes and industry are highly recommended. 
1.3 Objective of this work 
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The aim of this doctoral work is to study new methodology to synthesize electrode 
materials for rechargeable lithium/sodium ion batteries and investigate new 
mechanisms of existing and popular electrode materials. For lithium ion batteries, 
electrolyte optimization and intercalation reactions in conversion type materials are 
under consideration. FeS2 microspheres were synthesized through solvothermal 
reaction. Ether-based electrolyte has achieved better cycling performance than 
carbonate-based electrolyte. MoS2 nanoflowers were synthesized through 
hydrothermal reaction. The as-prepared materials suffered very fast capacity fade 
in a complete conversion reaction. Quite differently, with a cut-off voltage applied, 
the cycling performance has been effectively improved. For sodium ion batteries, 
ultrathin TiS2 was obtained using facile mechanical exfoliation. The ultrathin TiS2 
exhibited high rate performance and long cycle life. Moreover, Cu3P hollow 
nanoboxes were synthesized as anode materials for sodium ion batteries, and the 
hollow structures provided enough space to accommodate large volume changes 
during charge and discharge. 
1.4 Outline of thesis 
The outline of this thesis is summarized as below: 
Chapter 1 briefly introduces the background of lithium ion batteries and sodium ion 
batteries, and the aims and outline of this doctoral work. 
Chapter 2 reviews the literature relevant to lithium ion batteries and sodium ion 
batteries regarding their history, fundamental theories, and recent progress on 
advanced transition metal sulfides and transition metal phosphides. 
Chapter 3 lists the chemicals and methods used in the doctoral work. The 




Chapter 4 summarizes the work on FeS2 microspheres as high performance lithium 
storage materials. The selection of ether-based electrolyte has significantly 
improved their cycling performance. 
Chapter 5 presents MoS2 nanoflowers as anode materials for long-life lithium ion 
batteries. The specific cut-off voltage was applied and contributed to their long-
term cycling performance. 
Chapter 6 presents ultrathin TiS2 as a long-life and high-rate electrode for sodium 
storage. A facile, easy, and cheap exfoliation method to obtain few-atomic-layer 
TiS2 has been achieved using a kitchen blender. The as-prepared TiS2 showed very 
fast charge and discharge properties and a long cycle life. 
Chapter 7 is devoted to the synthesis of double shelled Cu3P hollow nanoboxes via 
a self-templating method and chemical etching as a high-performance anode 
material for sodium ion batteries. The as-prepared materials showed higher 
capacity and higher rate performances than bulk Cu3P materials. 
Chapter 8 is an overall summary of this doctoral work and gives the outlook for 
further research work. 
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Chapter 2 Literature review 
2.1 Brief history of rechargeable lithium ion batteries and 
sodium ion batteries 
The rechargeable batteries play a very important role in human life because they 
can store green energy such as solar energy, wind energy, tidal energy, etc. in 
electrode materials, and convert the chemical energy from the stored materials to 
electricity when needed. The applications of rechargeable batteries are illustrated 
in Figure 2.1. Currently, the most successful rechargeable batteries are lithium-ion 
batteries, lithium-sulfur batteries, nickel-metal hydride batteries, and lead acid 
batteries. Among all these rechargeable technologies, lithium ion batteries have the 
highest energy density, and are very compatible and safe. The development of 
lithium ion batteries can be dated back to the 1970s. In the beginning, the discovery 
of metal oxides (i.e. MnO2) and metal sulfides (i.e. TiS2) as cathode materials for 
rechargeable lithium batteries alerted researchers the possibility that rechargeable 
lithium batteries could be commercialized. The dendrite formation during cycling 
resulted in short battery life, however, and severe safety issues held back their 
further development. Then in 1980, Goodenough’s team found that lithium cobalt 
oxide could be a suitabe cathode material in rechargeable lithium batteries, while 
in 1982, Yazami and co-workers investigated graphite as the anode material. 
Finally, the Sony Company commercialized the first rechargeable lithium ion 




Figure 2.1 Applications of rechargeable batteries.2 
Nowadays, lithium ion batteries are still dominating the market because of their 
long cycle life, stable performance, and mature technology. Lithium resources are 
limited, however, which has led to higher prices for lithium metal oxides, with more 
to be expected. Therefore, alternative technologies, such as lithium-oxygen 
batteries, sodium ion batteries, lithium-sulfur batteries, and sodium-sulfur batteries 
have been intensively investigated. Due to the practically unlimited sodium 
resources in the sea, sodium ion batteries, which share a similar architecture and 
mechanism to lithium ion batteries, have been considered as the most promising 
next-generation energy storage and conversion devices. The commercialization of 
sodium ion batteries is now on going. 
2.2 Chemistry of lithium ion batteries and sodium ion batteries 
Lithium ion batteries and sodium ion batteries can convert chemical energy to 
electricity when discharging, and they store electricity in the form of chemical 
energy when charging. The fundamental mechanism is the redox reaction of a core 
metal or non-metal element to generate oriented current. The closed-loop current 
in the internal circuit is achieved by the fixed-orientation migration of positively 
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charged ions. Quite unlike the conventional lithium metal batteries and sodium 
metal batteries, the anode materials in lithium ion batteries or sodium ion batteries 
have the capability to store Li+ ions or Na+ ions, which is much safer and can 
prevent the formation of lithium or sodium dendrites. Lithium ion batteries and 
sodium ion batteries have the similar setup and mechanism. The constitution of 
lithium ion batteries and sodium ion batteries mainly consist of a cathode, anode, 
electrolyte, and separator. Coin cell assembly also requires a cathode/anode shell, 
spacer, and spring. 
 
Figure 2.2 Schematic illustration of different kinds of reaction mechanism in 
lithium ion batteries.3 
The reaction mechanisms of electrode materials are typically classified into 
intercalation, conversion, and alloying mechanisms (Figure 2.2). For the cathode, 
lithium ions or sodium ions normally exhibit de-/intercalation behaviour during 
changing and discharging. For anode materials, there are three kinds of mechanisms: 
de-/intercalation, conversion, and alloying. De-/intercalation reaction means that 
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the cathode or anode materials have fixed Li+ or Na+ storage sites, or the electrode 
materials have spare room in their crystal structure and can be expanded to 
accommodate Li+ or Na+ ions. Conversion reactions commonly exist in the anode. 
Basically, Li+ or Na+ can replace the core metal ions. For example, Li+ can react 
with FeS to form Li2S and Fe. The alloying reaction is specifically found in Si, Sn, 
Al, etc. anodes. The final products when discharging is an alloy, such as Li4.4Si. 
The basic differences between the physical and chemical properties of Li or Li+ 
ions and Na or Na+ ions, however, lead to various electrochemical performances. 
Lithium has a redox potential of -3.01 V vs. standard hydrogen electrode (SHE) 
and a gravimetric capacity of 3829 mAh·g−1. Sodium possesses a higher redox 
potential of -2.71 V vs. SHE, and a lower gravimetric capacity of 1165 mAh·g−1. 
Compared to the Li-ion battery system, sodium possesses a larger ionic radius (1.06 
Å for Na+ versus 0.76 Å for Li+) and about 300 mV higher reduction potential than 
lithium. In lithium-containing compounds, lithium can exist in octahedral or 
tetrahedral coordination. Sodium rarely has the tetrahedral coordination but prefers 
octahedral and prismatic coordination. In general, these differences may cause a 
sluggish reaction mechanism and critical conditions for sodium ion diffusion, 
which means that some materials may not be suitable for sodium ion batteries. 
2.2.1 Cathode 
Cathode materials always have a high average potential (V vs. Li+/Li or Na+/Na). 
When charging, the valence of the core metal or non-metal element rises, which is 
accompanied by Li+/Na+ extraction. When discharging, the valence of the core 
metal or non-metal element is reduced, which is accompanied by Li+/Na+ 
intercalation. Cathode materials are of great importance to the output power density 
and energy density. The higher the voltage and the larger the capacity that the 
28 
 
cathode materials have, the higher the energy density that will be achieved. For 
high power density, the cathode materials need to have high rate performance. 
Typical cathode materials for lithium ion batteries include layered oxides (LiCoO2, 
etc.), spinel oxides (LiNi0.5Mn1.5O4, etc.), and polyanionic compounds (LiFePO4, 
Li3V2(PO4)3, etc.). Typical cathode materials for sodium ion batteries include 
layered oxides (NaMnFeO2, etc.), Prussian blue analogues (Na2−xFeFe(CN)6, etc.), 
and polyanionic compounds (Na3V2(PO4)3, etc.). Different types of cathode 
materials are valuable for different applications. For examples, LiCoO2 has very 
high gravimetric and volume capacities, but a very expensive price, so that it is 
welcomed in portable electronic devices such as smart phones and laptop 
computers.  
2.2.2 Anode 
Anode materials always have a low average potential (V vs. Li+/Li or Na+/Na). For 
intercalation type materials, when discharging, the valence of the core metal or non-
metal element is reduced, which is accompanied by Li+/Na+ intercalation. When 
charging, the valence of the core metal or non-metal element rises, which is 
accompanied by Li+/Na+ extraction. Anode materials are very critical to the initial 
Coulombic efficiency, and they also can affect the power density and energy 
density. Quite unlike the cathode materials, anode materials possess very high 
theoretical capacities, because of the capability for multiple Li+ ion and Na+ ion 
storage and multiple electron transfer. Typical anode materials for lithium ion 
batteries include Li4Ti5O12, graphite, Si, phosphorus red, metal 
oxides/sulfides/phosphides, etc. Graphite is a very typical anode for commercial 
lithium ion batteries. It is cheap and has a high theoretical capacity of 372 mAh·g−1. 
For sodium ion batteries with conventional carbon ester-based electrolytes, the 
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interlayer spacing of graphite is too small to accommodate Na+ ions. Although it 
can achieve very stable cycling performance in ether-based electrolytes, the 
capacity is only 120 mAh·g−1, which makes it hard to find further applications or 
achieve commercialization. Hard carbon is a promising anode material for 
commercial sodium ion batteries because of its high capacity of ~300 mAh·g−1. The 
initial Coulombic efficiency is low, however, and the conductivity of hard carbon 
is inferior, which is a great challenge for researchers. 
2.2.3 Separator 
Separators used in batteries have the function of preventing contact between the 
cathode and the anode, that is, short-circuits, which can cause a fire hazard in severe 
circumstance. On the other hand, the separator has many pores that can allow Li+, 
Na+, or the electrolyte solvents to penetrate. Typically, separators include 
polyolefin type separators (polyethylene (PE), polypropylene (PC), etc.), cellulose 
based membranes, ceramic membranes, etc. Polyolefin type separators are the most 
commonly used separators because their wide temperature window (important for 
some applications), easy construction, and high tenacity and toughness. Ceramic 
membranes can offer high safety protection for long cycling life, although the use 
of ceramic membranes will lower the gravimetric energy density and volumetric 
energy density, and they rely on high technology. 
2.2.4 Electrolyte 
The electrolyte serves as a medium for Li+ or Na+ migration between cathode and 
anode. Basically, electrolytes consisted of lithium or sodium salts and a solvent. 
Solvent for commercial electrolytes are of one kind of or a mixture of several kinds 
of the following organic solvents: ethylene carbonate (EC), propylene carbonate 
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(PC), diethyl carbonate (DEC), dimethyl carbonate (DMC), ethyl methyl carbonate 
(EMC), dimethoxyethane (DME), 1,3-dioxolane (DOL), etc. LiClO4, LiPF6, NaPF6, 
NaClO4, etc. can be used as lithium or sodium sources in electrolytes. Rational 
selection of the electrolyte is necessary to obtain optimized electrochemical 
performance. For example, carbon ester-based electrolytes will have side reactions 
with polysulfides, which results in severe capacity fade. 
2.3 Physical parameters in rechargeable batteries 
2.3.1 Capacity (Q) 
Capacity is the parameter that shows the capability of electrode materials in a half 
cell or full cell to deliver total electric charge and energy. Depending on whether it 
is based on the mass or the volume, the capacity can be classified into gravimetric 
capacity or volumetric capacity, which is one of the key parameters to evaluate 
commercial battery packs. The unit of capacity is ampere-hour (Ah), and it can be 
calculated by the following equation: 
𝑄 = ∫ 𝐼(𝑡)𝑑𝑡 = 𝑛𝑧𝐹
𝑡2
𝑡1
                                                (2.1) 
Where I(t) is the current, t1 is the dis-/charge starting time , and t2 is the dis-/charge 
ending time, n is the number of core ions, z is the changed valence of the ions, and 
F is the  Faraday constant. 
2.3.1.1 Specific capacity 
Specific capacity is a key factor to evaluate the electrochemical performance of 
electrode materials. Specific capacity can be classified into gravimetric specific 
capacity, volumetric specific capacity, and surface specific capacity. 
2.3.1.2 Theoretical specific capacity 
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Theoretical specific capacity is the parameter that displays the maximum capacity 
delivered by active material per unit mass, which can also be evaluated by 
Faraday’s law: 
𝑄𝑇  =   
𝑛𝐹
(3600×𝑀𝑤)×1000
                                                   (2.2) 
where n is the number of charges transferred and Mw is the molecular weight of the 
active material. 
2.3.1.3 Irreversible capacity and Coulombic efficiency 
Irreversible capacity is used to show the capacity loss in each cycle, and can be 
calculated by the difference between the discharge capacity (Qd) and the charge 
capacity (Qc). The Coulombic efficiency is the ratio of Qd to Qc for cathode in a 
half cell or full cell and is the ratio of Qc to Qd for anode material (in the case of 
rechargeable ion batteries) in a half cell. 
2.3.1.4 Capacity retention 
Capacity retention is the way to show the cycling performance of cathode materials 
in half cells or full cells, which can be calculated using the following equation: 








𝑚 𝑡ℎ × 100%  (n > m)            (2.3) 
2.3.2 Energy density and power density 
2.3.2.1 Energy density 
Energy density, also called specific energy, can be divided into two categories: 
gravimetric energy density and volumetric energy density. Energy density is 
determined by the battery chemistry and packaging. The energy density always 
plays an important role in portable devices. In order to get thinner and lighter 
portable devices, higher energy density batteries are critically needed. 
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2.3.2.2 Power density 
Nowadays, the hybrid electric vehicles (HEVs) and electric vehicles (EVs) are the 
main strategies to reduce and solve the problem of pollution and carbon emissions 
made by traditional gasoline-powered vehicles. The key factors for these vehicles 
are the power supply system, which is based on fast charge and discharge batteries. 
The power density is highly required for HEVs and EVs.  
2.3.3 Cycle life 
Cycle life is a critical parameter for battery testing and commercial requirement. 
Typically, for commercial batteries, the capacity retention should remain higher 
than 90% after 1000 cycles. The stability of the electrode material is basically 
related to the cycle life. The more stable the structure is, the better the cycle life 
that the batteries will achieve. The cut-off charge voltage and the depth of discharge 
will affect the stability of crystal structure. For example, the theoretical specific 
capacity of LiCoO2 is 274 mAh·g
−1, based on one electron transfer per formula unit. 
After the lithium is fully extracted from the LiCoO2 structure, however, CoO2 is 
not stable and will collapse resulting in irreversible structure (phase) change. Thus 
by controlling the charge voltage or capacity, LiCoO2 can achieve 170 mAh·g
−1 
with ultra-long cycle life. The depth of discharge is also very important. 
LiNi0.5Mn1.5O4 has very high plateaus at ~4.8 V (vs. Li
+/Li). The cut-off voltage is 
strictly controlled to prevent the formation of Mn3+ due to the bad influence of Jahn-
Teller effects.  
2.3.4 Side reactions 
Side reactions are reactions between electrode materials and the electrolyte, beyond 
the normal electrode reactions designed for rechargeable batteries. Side reactions 
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can be good or bad for battery performance. 
2.3.4.1 Solid electrolyte interphase (SEI) 
Solid electrolyte interphase films are formed on the surfaces of both cathode and 
anode materials. Because of the direct contact between the electrolyte and the 
electrode materials, the organic solvent or lithium/sodium salts will decompose and 
form a stable SEI film on the surface to avoid decomposition of the electrolyte. 
Although the SEI film will lead to low Coulombic efficiency and irreversible 
capacity loss which will consume part of the lithium/sodium in the cathode (i.e. 
capacity loss), the SEI can protect the electrode materials and offer high stability 
during cycling. The main contents of SEI film typically are LiF and Li2CO3 in 
lithium ion batteries, and Na and Na2CO3 in sodium ion batteries. 
2.3.4.2 Other side reactions 
Side reactions in rechargeable batteries extend far beyond the SEI film. SEI films 
commonly exist in most battery systems, but different electrolyte additives can 
make the batteries qualify for different applications. These include vinyl carbonate 
(VC), LiNO3, 18-crown-6, etc., which will contribute to a more stable SEI and 
provide more stable cycling performance. Some side reactions should be eliminated. 
For example, carbonate ester-based electrolytes will have bad effects on 
polysulfides.  
2.3.5 Rate performance 
The rate performance is used to characterize whether electrode materials have the 
fast charge and discharge capability. In some special areas, such as EVs and HEVs, 
fast charge and discharge capability is the basic requirement for a high performance 
battery system. Even though the battery management system (BMS) can serve as 
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an auxiliary, the persue of batteries with high power density and compatible energy 
density has never stopped. 
Current density and C-rate are parameters of the specific current that are used to 
characterize the rate performance. Current density can be converted to C-rate if the 
theoretical capacity is known, as follows: 
𝐶 − 𝑟𝑎𝑡𝑒 =
𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
𝑄𝑇
                (2.4) 
The C-rate and the theoretical charge or discharge time to the fully discharged state 
or fully charged state are also reciprocals. The higher the current density/C-rate, the 
faster the charge or discharge will be completed. 





Figure 2.3 Schematic illustration of lithium ion batteries.4 
Lithium ion batteries and sodium ion batteries have the capability to convert 
electricity to chemical energy inside electrode materials. A schematic illustration 
of a lithium ion battery is shown in Figure 2.3. The migration direction of the 
lithium ions (or sodium ions in sodium ion batteries) is always opposite to the 
electron migration direction . When charging, the current flow in the internal circuit 
is from anode to cathode, and the current flow in the external circuit is from cathode 
to anode. When discharging, the current flow in the internal circuit is from cathode 
to anode and the current flow in the external circuit is from anode to cathode. The 
migration direction of positive ions is opposite to the current flow. 
36 
 
2.5 Brief introduction to electrode materials for lithium ion 
batteries and sodium ion batteries 
 
Figure 2.4 Voltage vs. capacity of typical cathode and anode materials for lithium 
ion batteries.5 
Cathode materials always have less capacity than anode materials. For lithium and 
sodium chemistries, the capacities of most inorganic cathode materials are lower 
than 300 mAh·g−1. The anode materials, especially the conversion type and alloying 
type materials, have the capacities that are more than 300 mAh·g−1; the cycling 
performance is limited, however, by the large volume change derived from the 
storage of multiple Li+ ions. The typical classification of cathode and anode 
materials is summarized. Typical electrodes haven been summarized in Figure 2.4 




Figure 2.5 Voltage vs. capacity of typical cathode and anode materials for sodium 
ion batteries.6 
2.5.1 Cathode materials for lithium ion batteries 
LiCoO2 was investigated by Goodenough and co-workers in 1980s, and it was the 
first cathode material to be commercialized (by the Sony Company in the 1990s). 
LiCoO2 benefits from its ultra-stable layered structure and shows outstanding 
cycling and rate performance. Nonetheless, the limited nature of cobalt resources 
and the ever-growing demands for rechargeable batteries have led to a fast increase 
in its price. Therefore LiNi0.5Mn1.5O4 (LNMO), Li(Ni1/3Co1/3Mn1/3)O2 (NCM), 
Li(Ni0.8Co0.15Al0.5)O2 (NCA), Li-rich type Li2MnO3·Li(Ni1/3Co1/3Mn1/3)O2, etc. 
have been investigated. LNMO is typical high voltage cathode material for lithium 
ion batteries. The average voltage is around 4.7 V, and the capacity is ~120 
mAh·g−1. Although the power density and energy density can be improved by using 
LNMO, such high voltage is not safe for the electrolyte. Extensive side reactions 
will be generated when charging. Moreover, the valence of Mn ions in LNMO is 
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less than +4, which means the presence of Mn3+. Mn3+ will have bad effects on the 
cycling performance. By adjusting the element ratio in NCM and NCA, the 
optimized cathode materials (Ni-rich cathode) can deliver a capacity of more than 
200 mAh·g−1. Introducing Al doping can also effectively enhance the stability of 
NCA. Li-rich manganese-based cathode has a high working potential and high 
capacity, but its cycling and rate performances are inferior owing to its physical 
and chemical properties. In summary, different kinds of lithium transition metal 
oxides are valued for different capabilities. There is no perfect cathode material, 
but there are better cathode materials in specific areas. 
LiFePO4 was first investigated by Goodenough and co-workers in 1997. It is well 
known for its improved safety performance, long cycle life, and environmental 
friendliness. The crystal structure of LiFePO4 hardly changes with lithium de-
intercalation and intercalation. When the battery is punctured or short-circuited, no 
fire or smoke is generated. The disadvantages of LiFePO4 also need to be 
emphasized. It is possible that Fe metal will be generated during high temperature 
treatment, and Fe will puncture the separator and lead to short-circuits. The 
complex synthesis process and patent costs make LiFePO4 less competitive than 
other cathode materials. Other polyanionic compounds are also very attractive 
because of their capability of high theoretical capacity (Li2FeSiO4, Li2MnSiO4, etc.) 
or high working potential (LiCoPO4, LiVPO4F, etc.) 
2.5.2 Anode materials for lithium ion batteries 
Graphite is an ideal anode material for lithium ion batteries, with a theoretical 
capacity of 372 mAh·g−1. Anode materials with high theoretical capacity are also 
very popular, such as Si (4200 mAh·g−1), phosphorus red (2594 mAh·g−1), MoS2 
(669.7 mAh·g−1), etc. The larger capacity is always accompanied by large volume 
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changes in the discharged state. Large volume changes will result in the cracking 
and pulverization of anode materials and bad cycle life. Thus, carbon coating or 
carbon supported composites have been investigated to alleviate the large volume 
change and enhance the conductivity. 
2.5.3 Cathode materials for sodium ion batteries 
Sodium ion batteries as a promising alternative to lithium ion batteries also share 
similar chemistry in their electrode reactions. Unfortunately, NaCoO2 cannot be 
used in commercial sodium ion batteries because of its inferior electrochemical 
performance. Layered structured sodium metal oxides feature very large structural 
change and volume change during cycling. The complex phase changes among O2-
type, O3-type, and P3-type sodium metal oxides lead to unstable cycling 
performance. Coincidentally, spinel NaNi0.5Mn1.5O4 does not exist and NaFePO4 
does not have comparable performance to LiFePO4. All the above-mentioned 
considerations are holding back the development of commercial sodium ion 
batteries. 
As great interest has been attracted due to the increasing price of lithium ion 
batteries and the promising nature of sodium ion batteries, researchers have devoted 
great efforts to searching for new materials and improving the existing materials. 
Investigations have indicated that multiple metal-doping of layered sodium metal 
oxides can efficiently increase the stability and improve the cycling performance. 
Prussian blue analogues based on sodium chemistry also show competitive 
performance. The very large void space inside the crystal structure can store large 
metal ions such as Na+, K+, Mg+, etc. Although Prussian blue analogues are very 
cheap, and have very good cycling and rate performances, the crystal water inside 
the crystal structure will become a big issue in the full cell. Right now, the most 
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promising cathode materials for sodium ion batteries are layered sodium metal 
oxides and Prussian blue analogues. 
2.5.4 Anode materials for sodium ion batteries 
Unlike cathode materials, most anode materials are conversion or alloying type 
materials. The reaction mechanisms are very similar compared to lithium ion 
batteries. For intercalation type materials, as-mentioned before, graphite is not 
suitable as an anode material for sodium ion batteries because of its insufficient 
layer spacing. Hard carbon is a promising candidate. The disordered carbon layers 
can generate many mesopores, which can accommodate more sodium. The hard 
carbon possesses low electronic conductivity, however, and due to its unique 
structure, the Coulombic efficiency is very low, which means inevitable energy 
density loss. Right now, the most promising anode material for commercial sodium 
ion batteries is hard carbon, but further investigations to improve the rate and 
cycling performances are urgently needed. 
2.6 Transition metal sulfides 
Transition metal sulfides (TMSs) are popularly studied for lithium ion batteries and 
sodium ion batteries. TMSs have been investigated as electrode materials for LIBs 
since the 1970s, such as titanium disulfide, which can achieve very high capacity 
and long cycling life according to laboratory tests. They are also intensively studied 
in SIBs because of their easily-controlled morphology and high theoretical specific 
capacity, which makes them very competitive with other anode materials. 
2.6.1 Theories 
2.6.1.1 Platform changes 
41 
 
Platform changes during cycling are very common in MXs, especially in the first 
two cycles. According to previous reports, some MXs cannot be reproduced after 
the initial discharge process.7 For example, 2H-MoS2 was proved to be irreversible 
during cycling by in-situ X-ray diffraction (XRD) characterization. The charging 
product was 1T-MoS2 in the case where no more than 1.5 Na
+ was intercalated into 
the MoS2 in the initial sodiation process. When more than 1.5 Na
+ was reacted with 
MoS2, Mo nanocrystallites and sodium sulfides were detected, and in the charging 
process, the MoS2 was never reproduced. Platform changes always have a bad 
influence on the cycling performance and Coulombic efficiency. 
2.6.1.2 polysulfides 
As lithium/sodium sulfides are considered to be the most common discharge 
products of the conversion reaction between metal sulfides and lithium/sodium, the 
polysulfides should be a possible intermediate, which will react with carbon ester-
based electrolyte and dissolve into ether-based or carbon ester-based electrolyte, 
leading to severe capacity loss and safety issues.8, 9 
2.6.1.3 Ionic diffusion 
Nanostructured materials have a large surface area and numerous active sites for 
sodium ion diffusion and storage, which guarantees fast reaction kinetics resulting 
in high capacity and good rate capability.10-13 The ionic diffusion coefficient (Dion), 




                                                                  (1) 
For the same materials with same structural parameters, the Dion is always a 
constant. Thus τ is proportional to l2. Therefore nanosized structure can shorten the 




According to density functional theory (DFT) calculations, some nanosized sodium 
metal sulfides feature metallic conductivity,14-21 which makes a capacitance 
contribution to the battery system. The charge and discharge processes include 
three kinds of capacity contribution: the faradaic contribution from the sodium 
intercalation process, the faradaic contribution from the charge transfer caused by 
incorporation of sodium ions in the material’s surface, expressed as 
pseudocapacitance, and the non-faradaic contribution from double layer 
capacitance. From the cyclic voltammogram (CV) data, the measured current (i) at 
fixed voltage (U) and the scan rate (ν) can be related by Equation (2), where k1ν 
and k2ν
1/2 represent the current contributions from surface capacitance and the 
redox reaction. By analyzing the CV data at different scan rates and neglecting the 
slight shifts for the specific voltages, the values of the parameters k1 and k2 can be 
calculated. Thus, pseudocapacitance during the charge and discharge processes is 
able to be quantified. When the size of active materials decreases to the nanosize, 
the pseudocapacitance could make a significant contribution to the charge and 
discharge processes, which indicates fast Na+ migration and good rate performance. 
i(U ) = k1v +k2v
1/2                                                       (2) 
2.6.2 Challenges and methodologies 
Although the MXs have many advantages, there are still several problems. First, 
the final discharge products may have side reactions with the electrolyte. Second, 
large volume expansion is caused by the large amount of sodium participating in 
the electrochemical reaction. Third, the solid electrolyte interphase (SEI) film leads 
to large irreversible capacity in the first cycle. Fourth, the low conductivity and ion 
diffusion coefficient degrade the rate performance. The most common strategies to 
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solve these problems are nanostructure design, carbon modification, electrolyte 
optimization, and voltage range selection. Recent progress has led to great 
improvements in MXs, and the synthesis methods and electrochemical 
performances have been summarized in Table 1. 
2.6.2.1 Structure design 
The general synthesis methods to prepare MXs include solvothermal reaction, 
spray pyrolysis, chemical vapour deposition (CVD), electrospinning, exfoliation, 
sulfuration or selenization, reflux, ball milling, etc. Some materials need to be 
further treated by freeze-drying or high temperature calcination. As for the 
morphology design, nanosized particles can effectively minimize the effects of 
volume expansion and also provide a short ion diffusion length. Yolk-shell 
structured and hollow structured materials have been widely investigated to 
improve their performance.22 Both of these structures introduce more contact area 
between the active materials and the electrolyte, provide more active sites, so as to 
enhance the electrochemical performances of the target materials.  
2.6.2.2 Carbon modification 
Carbon materials are widely used as electrodes for rechargeable ion batteries 
because of their high electrical conductivity, high stability, and low cost. 
Introducing carbon analogs such as carbon nanoparticles, carbon nanotubes and 
graphene into MXs materials can improve their electrical conductivity and stability 
to enhance their rate capability and cycling performance. In general, organic 
materials can be coated onto the material surface and be carbonized through high-
temperature treatment in an Ar or N2 atmosphere. Some materials cannot be 
synthesized in this way, however, to obtain a carbon coating due to their inferior 
thermal stability. For example, FeS2 will convert into FeS and S at temperatures 
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above 500°C, and CuS will lose S to form Cu2S. Therefore reports are mainly 
focused on the sulfuration or selenization of metal oxides/carbon to obtain the 
MXs/C materials. Meanwhile, introducing porous structures or doping with 
nitrogen or phosphorus can further enhance the stability of active materials through 
alleviating large volume expansion and increasing the electrical conductivity.  
2.6.2.3 Electrolyte optimization 
Commonly used electrolytes can be mainly classified into carbon-ester-based 
electrolytes such as ethylene carbonate (EC), propylene carbonate (PC), diethyl 
carbonate (DEC), etc., ether-based electrolytes, including dimethyl ether (DME), 
diglyme, tetraglyme, etc., ionic liquids, and solid-state electrolytes. The carbon-
ester based electrolytes will react with polysulfides and have bad effects on the 
cycling performance and the solid-state electrolytes feature very low ionic 
conductivity. Thus, ether-based electrolytes have been widely investigated to help 
achieve long-life battery performance.23, 24 
2.6.2.4 Cut-off voltage 
Most of the MXs possess multiple reaction mechanism during the first discharge 
process. In general, the intercalation reaction will be the first to occur. Then, the 
conversion reaction takes place, accompanied by large volume expansion and 
irreversible capacity. Some reports have applied a higher terminal voltage to avoid 
the conversion reaction and obtain long cycling performance.25, 26 For example, 
bare MoS2 suffered a great capacity loss when cycled in the range of 0.1−3.0 V. It 
was different, however, when the terminal voltage was 0.4 V. By controlling the 
amount of sodium intercalated, stable capacity can last for hundreds of cycles with 
no obvious fade. 
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2.6.3 Phase, morphology, and performance 
2.6.3.1 TiS2 
TiS2 has been widely investigated in relation to Li chemistry since the 1970s.
27 
Although it features good reversibility for lithium intercalation and de-intercalation, 
TiS2 is not used in commercial applications due to the safety issues. Recently, some 
reports applied TiS2 as an electrode for SIBs with long-term stability.
28-31 The 
synthesized room temperature product TiS2 belongs to the P 3 m1 trigonal phase, 
and the common interlayer spacing is 0.57 nm. TiS2 exhibited an intercalation 
reaction when the terminal voltage was set to 1.0 V.31 According to the Na+ 
concentration in the NaxTiS2, several x ranges existed. When the x value was lower 
than 0.5, the interlayers gradually expanded as sodium intercalated into the TiS2 
structure.32 The interlayer spacing, however, decreased as the x value was further 
increased. The reaction was reversible in the charging process, and TiS2 was finally 
formed. Liu et al. prepared TiS2 nanoplates by reflux reaction and calcination under 
Ar atmosphere.31 The obtained TiS2 nanoplates showed a capacity of 186 and 101 
mAh·g−1 at 24 and 2400 mA·g−1, respectively. The long-term cycling performance 
at 480 mA·g−1 featured a capacity of about 175 mAh·g−1 at the 2nd cycle and a 
capacity of about 140 mAh·g−1 at the 300th cycle. 
2.6.3.2 VS2, VS4, and NbS2 
V and Nb are both group 5 transition metals, and their disulfide compounds, VS2 
and NbS2, exhibit metallic conductivity, which is very important for achieving high 
rate capability. There are only a few reports, however, that focus on these 
materials.33-37 Fang et al. Syntheiszed VS2/Graphene Nanocomposites and obtained 




results showed that the VS4 cannot be re-produced in the charge process, which 
resulted in bad cycling performance. Ou et al. prepared NbS2 nanosheets by a solid 
state sulfuration method and proved that the reaction mechanism was quite different 
from that of other TMDs.34 In the voltage range of 0.01−3.0 V, no obvious 
conversion reaction was found according to the in-situ XRD characterization, and 
the final product was NaxNbS2. The electrochemical tests showed a discharge 
capacity of ~190 mAh·g−1 at 0.5 A·g−1, and the capacity remained about 157 
mAh·g−1 after 100 cycles. 
2.6.3.3 FeS2 and FeS 
Pyrite FeS2 is a natural mineral, which is widely used to obtain sulfuric acid. Its 
low price makes it very competitive as a commercial electrode material for battery 
devices. As early as the 1990s, Energizer Corporation first produced commercial 
primary FeS2/Li 18650-type batteries. With the strong demand for rechargeable use, 
the cycling performance is one of the most important issues. FeS2 features a cubic 
structure and belongs to the Pa 3  space group, in which Fe occupies the (FeS6) 
octahedral sites and sulfur atoms exist as S2
2−. During the discharge process, S2
2− 
is first reduced to S2−, and then Fe2+ is transformed to Fe along with the generation 
of lithium/sodium sulfides.19 In lithium ion batteries, the platforms around 1.5 V 
corresponds to the conversion reaction between lithium and FeS2. Although, there 
are different theories about the voltage platforms in sodium ion batteries, which 
have been summarized in Table 2,39-41 the main difference is whether Na2S and Fe 
can be formed above 0.8 V or not. In the charge process, a new charge product, 
NaxFeS2, is generated instead of the original pyrite FeS2. The whole reaction 




Figure 2.6 Performances of FeS2 microspheres. The cycling performance with (a) 
different voltage ranges, (b) different kinds of electrolytes, and (c) 1 M NaCF3SO3 
in diglyme as electrolyte. (d) Pseudocapacitance contribution measured from the 
CV data. (a-d)19 
Zhang et al. prepared FeS2/C composite and obtained a high capacity of 600 
mAh·g−1. Kim et al. obtained 400 mesh FeS2 particles by ball milling and further 
sieving.42 The initial discharge capacity was 447 mAh·g−1 at 50 mA·g−1. As 
expected, the bare FeS2 suffered a severe capacity loss, and only 70 mAh·g
−1 
remained after 50 cycles. The bad cycling performance could also be caused by the 
side reactions of polysulfides. Thus, ether-based electrolyte together with a cut-off 
voltage to control the discharge products has been used for the FeS2/Na battery 
system, and a long-cycle-life FeS2/Na battery has been achieved. Chen’s group 
prepared FeS2 microspheres through solvothermal reaction. 1 M 
NaCF3SO3/diglyme was selected as the optimized electrolyte, and a terminal 
voltage of 0.8 V (vs. Na+/Na) was applied (Figure 2.6a).19 The optimized FeS2/Na 
batteries showed great stability at −50°C, 25°C, and 50°C, and a typical capacity of 
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205 mAh·g−1 at 1 A·g−1 was achieved with no degradation after 20,000 cycles 
(Figure 2.6b and 2.6c). Even at an ultra-high current density of 20 A·g−1, the battery 
still had a stable capacity of 170 mAh·g−1. Although controlling the terminal 
voltage to 0.8 V was responsible for the low discharge capacity, the discharge 
product NaxFeS2 led to better cycling performance, and made the battery a suitable 
candidate for commercialization. Meanwhile, both the intermediates and the 
discharge products were sodium iron sulfides, which were shown to be metallic-
type conductive by DFT calculations. By analyzing the CV data, pseudocapacitance 
was found to contribute a 46% fraction of the total charge transfer (Figure 2.6d). 
These two advantages guaranteed superior rate performance. Very recently, Zhang 
et al. synthesized Co-doped FeS2 nanospheres, and on trying different Co ratios, 
the optimized Fe0.5Co0.5S2 was confirmed to be the best choice.
9 After Co doping, 
the discharge capacity at 1 A·g−1 was improved to 261 mAh·g−1, which was 
achieved by applying the cut-off discharge voltage at 0.8 V and 1 M 
NaCF3SO3/diglyme as electrolyte. 
Iron disulfide as one of the most promising candidates for next-generation 
rechargeable sodium batteries have several strong advantages. Although, FeS2 
suffers from great capacity loss in the full charge/discharge voltage range, a 
reasonable electrolyte choice and cut-off voltage can lead to excellent cycling and 
rate properties. Yu’s group has published a sulfuration method to prepare FeS2/C 
composites as anode materials for LIBs.43 No such report focusing on the carbon 




Figure 2.7 Yolk-shell structured FeS/C composites. (a) Schematic illustration of 
the synthetic procedures with TEM images in inset. (b) Galvanostatic curves at 50 
mA·g−1. (c) CV profiles. (d) Cycling and rate performances compared to core-shell 
structured FeS/C and micro FeS. (a-d)44 
Compared with FeS2, iron sulfide (FeS) features a lower theoretical capacity of 609 
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mAh·g−1. FeS belongs to the hexagonal cell system with the space group P63/mmc. 
Kim et al. Synthesized FeS and obtain an initial discharge capacity was 610 
mAh·g−1, but it dropped quickly during the next 150 cycles, and only 195 mAh·g−1 
remained. The possible reason for the bad cycling performance is likely to be the 
large volume changes and the presence of sodium polysulfides. Later research 
focused on carbon modification to improve the electrochemical performance. Wu 
et al. used the solvothermal method and L-proline as their carbon and nitrogen 
source to obtain N-doped FeS/C microspheres (FeS/C-N).45 Owing to the SEI film, 
FeS/C-N displayed a very low coulombic efficiency of about 52.6% and high 
irreversible capacity (706 mAh·g−1) in the first cycle at 100 mA·g−1. The capacity 
was 354.5 mAh·g−1 at 100 mA·g−1 after 500 cycles. Lee et al. prepared FeS/rGO 
composites by using spray pyrolysis and a sulfuration treatment.46 After rGO 
modification, FeS achieved high rate capability of 340 mAh·g−1 at 6 A·g−1. 
Meanwhile, no obvious capacity fade was found in 50 cycles at 500 mA·g−1. Wang 
et al. prepared yolk-shell FeS/carbon nanospheres by using a spatially confined 
sulfuration strategy, as shown in Figure 2.7a.44 The galvanostatic curves at 50 
mA·g−1 and the CV curves are also provided in Figure 2.7b and 2.7c. The CV 
profiles show great shifts in the oxidation and reduction peaks in the initial two 
cycles, which was caused by the irreversible electrochemical reactions. The 
discharge capacities were 621, 584, 537, 505, and 452 mAh·g−1 at 100, 250, 500, 
1000, and 5,000 mA·g−1, respectively (Figure 2.7d). The cycling stability test 
showed that the capacity retention after 300 cycles at 100 mA·g−1 was 67.6%. From 
the SEM and TEM images collected after 50 cycles, the nanosphere structure was 
maintained. This was because the unique yolk-shell structure provided large 
enough room for the volume changes during cycling. Nevertheless, the conversion 
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reaction pulverized the electrode materials, and the amorphous intermediates 
occupied the void space, which caused capacity fade during long-term cycling. 
Yu’s group also fabricated FeS/C on carbon cloth as a flexible electrode by 
hydrothermal reaction.47 Then, the thus-obtained colloid product was bonded with 
carbon cloth and treated at 500°C in Ar. The easily-obtained flexible electrode 
displayed a discharge capacity of ~500 mAh·g−1 at the initial cycle and 430 
mAh·g−1 after 50 cycles at 91 mA·g−1, and the discharge capacity was 280 mAh·g−1 
at the high current density of 4,568 mA·g−1. 
Above all, the cycling performances were improved by using carbon modification. 
Due to the possible sodium polysulfides intermediates and the large volume 
changes, however, the electrode still, to some extent, suffered capacity loss. rGO 
displayed much more excellent cycling and rate performances because of the large 
specific surface area and the high electronic conductivity. The yolk-shell structure 
also confines the active material loss and accommodates the volume changes. 
2.6.3.4 CoS2, Co3S4, CoS, and Co9S8 
Similar to FeS2, CoS2 can also be assigned to cubic phase and belongs to the Pa3  
space group. The theoretical capacity is 872 mAh·g−1. Li et al. synthesized a flaky 
CoS2/rGO nanocomposites.
48 The cycling performance showed a slightly 
increasing capacity from 280 to 310 mAh·g−1 at 1 A·g−1 in the first 20 cycles, and 
then the capacity at the 1000th cycle remained at 192 mAh·g−1. Liu et al. prepared 
CoS2 in the form of hollow structures assembled from nano-octahedra (H-CoS2) by 
the solvothermal method.49 The stable capacity of 700 mAh·g−1 was achieved at 1 
A·g−1 without obvious capacity fade after 100 cycles by applying 1.0 M NaCF3SO3 
in diglyme as the electrolyte.  
Co3S4 possesses a theoretical capacity of 702 mAh·g
−1. Co3S4 nanosheet/graphene 
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composites were reported by Du et al.50 The charge capacity was 423 mAh·g−1 at 
0.5 A·g−1, and the capacity of 329 mAh·g−1 remained after 50 cycles, corresponding 
to capacity retention of ~71%. The good rate property resulted from the highly 
conductive graphene sheets. Thus, at 10 A·g−1, the charge capacity can reach 154 
mAh·g−1. 
CoS belongs to the hexagonal crystal system and has the space group P63/mmc. The 
theoretical specific capacity is 589 mAh·g−1. A sandwich-like CoS/rGO composite 
was first reported by Zhou et al.51 Compared to the rapid capacity loss of bare CoS 
from 602 to 68 mAh·g−1 within 40 cycles, the CoS/rGO showed capacities of 567 
mAh·g−1 at the 1st cycle and 231 mAh·g−1 at the 100th cycle (with both materials 
tested under 0.1 A·g−1). Peng et al. fabricated a CoS/rGO composite through a 
solvothermal method.52 The discharge capacities were 636 and 359 mAh·g−1 at 0.1 
and 5 A·g−1, respectively. According to the long-term cycling test, the capacity 
retention at 1 A·g−1 was 88% after 1000 cycles. The CoS homogeneously dispersed 
in rGO matrix provided a stable structure to accommodate the large volume 
changes. 
Co9S8 is also the member of the cobalt sulfide family. The theoretical capacity of 
544 mAh·g−1 is less than that of CoS. As expected, the bare Co9S8 had bad cycling 
performance.53 Therefore, carbon coating has become the most efficient way to 
solve this problem. Ko et al. synthesized Co9S8 by the spray pyrolysis method.
53 
The obtained Co9S8/C composites showed a high capacity of 505 mAh·g
−1, 
although the capacity dropped to 404 mAh·g−1 after 50 cycles. Zhang et al. prepared 
Co9S8 nanoparticles embedded in 3D carbon nanosheet networks.
54 Quite different 
from the performance in LIBs, the capacity loss for SIBs was over 50% within 50 
cycles. Another method to prepare porous Co9S8 carbon materials was using 
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zeolitic imidazolate frameworks (ZIF-67) as a template to react with sulfur 
powder.55 The discharge capacities were 380 and 300 mAh·g−1 for the 2nd and 50th 
cycles at 0.5 A·g−1, corresponding to capacity retention of 77%. When subjected to 
a high current density of 2 A·g−1, the discharge capacity of 230 mAh·g−1 was still 
remained. 
2.6.3.5 NiS2 and Ni3S2 
NiS2 is a cubic phase with space group Pa 3 , the same as cubic FeS2. Wang et al. 
prepared NiS2/graphene nanosheets (NiS2/GNS). 
56 The capacity of NiS2/GNS was 
much higher and more stable than for the pristine NiS2. Nevertheless, according to 
the theoretical capacity of 873 mAh·g−1, there is much room to improve the 
electrochemical performance of NiS2 because the only stable capacity of ~400 
mAh·g−1 has been achieved. 
Ni3S2 belongs to the rhombohedral crystal system. Owing to the low content of 
sulfur in the molecular formula, it possesses a low theoretical capacity of 446 
mAh·g−1. As for the synthesis methods, in-situ grown Ni3S2 was made from 
polished nickel plate or nickel foam by treating it by the sulfuration method.57-60 
rGO-Ni3S2 was synthesized through solvothermal reaction or spray drying together 
with a sulfuration process.61 In terms of the electrochemical reactions, it was shown 
in the discharging process that the Ni3S2 reacted with sodium ions to form Ni metal 
and Na2S, and then in the charging process, all the reactions were reversible.
62, 63 
Bare Ni3S2 that was purchased from Aldrich Chem. Co. was used for SIBs by Ahn 
and co-workers.64 The initial discharge capacity was 422 mAh·g−1 at 50 mA·g−1, 
and the capacity retention was 81% after 15 cycles. Further investigations on 
material optimization, such as by Fe doping and electrolyte selection, were reported 
by Ahn and co-workers.65-67 Go et al. used a simple sulfuration treatment of nickel 
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plate and obtained Ni3S2 petals. 
57 The stable discharge capacity was around 175 
μAh·cm−3 at 20 mA·cm−2. Shang et al. used nickel foam and treated it by the 
hydrothermal method, but the as-prepared materials still suffered from low capacity 
retention of less than 60% after 50 cycles.58 Song et al. also prepared nanostructured 
Ni3S2 on nickel foam, but the capacity slowly dropped after around the 60
th cycle. 
Other reports were on rGO modification of Ni3S2 composites. The cycling stability 
and rate performances were improved. Park et al. synthesized Ni3S2 hollow 
nanospheres/rGO composites.61 The results showed a stable capacity of about 450 
mAh·g−1 for 150 cycles, and a high capacity of 377 mAh·g−1 at 3 A·g−1. 
2.6.3.6 MoS2 
 
Figure 2.8 The crystal structures of (a) 2H-MoS2, (b) 1T-MoS2, and (c) 3R-MoS2. 
(d) In-situ XRD characterization of commercial MoS2/Na battery with a loading 
mass of 23.0 mg·cm−2.7 
The corresponding charge-discharge curve and an enlargement of the indicated 
region are shown on the right. High-angle annular dark-field (HAADF) images of 
commercial MoS2 electrode material along the [001] zone axis: (e−h) images 
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corresponding to the cut-off discharge capacity of 60, 80, 160, and 256 mAh·g−1, 
respectively. Annular bright-field images of nano-sized MoS2 along the [100] zone 
axis corresponding: (i) to the as-prepared MoS2 sample and (j−l) to the cut-off 
voltages of 1.0 V, 0.8 V, and 0.2 V. The yellow, purple, and blue circles represent 
the sulfur, molybdenum, and sodium atoms. 
MoS2 is one of the most important members of the 2D TMDs group. The unique 
sandwiched S-Mo-S layers are connected by van der Waals forces with a typical 
layer distance of 0.62 nm. According to the different layer-stacking sequences, 
MoS2 can be divided into the two-layer-stacked hexagonal polymorph 2H-MoS2, 
the one-layer-stacked trigonal 1T-MoS2, and the three-layer-stacked rhombohedral 
3R-MoS2, as shown in Figure 2.8a-c. In each layer, Mo and S exhibit trigonal 
prismatic (2H-MoS2 and 3R-MoS2) or octahedral coordination (1T-MoS2). Among 
them, 2H-MoS2 is a room-temperature stable product obtained by general synthesis 
methods, such as solvothermal reaction,68-73 microwave assisted solvothermal 
reaction,74 spray pyrolysis,75 CVD,76 and electrospinning.77 Wang et al. elucidated 
the mechanism by in-situ XRD, ex-situ XRD, and scanning transmission electron 
microscope (STEM) characterization of bulk MoS2 samples (Figure 2.8d-l).
7 When 
lithium/sodium ions are intercalated into the interlayers, the van der Waals forces 
are broken, leading to phase and stacking sequence changes. The reaction 
mechanism for lithium ion batteries is studied. But arguments about whether Mo 
can provide capacity or not is still under investigation. The initial discharge 
mechanism of MoS2 in SIBs has been reported (Equations (3−5)). When the 
terminal discharge voltage was 0.2 V, no metal Mo nanoparticles and sodium 
sulfides were generated, and during the de-intercalation process, a solid-solution 
reaction took place.78 The final charge product was partially 1T-MoS2, and no 2H-
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MoS2 was found in the charging state. In this voltage range, the x value in the 1T-
NaxMoS2 should be less than 1.5.
79 In terms of testing in 0.01−3.0 V, the platform 
at 0.06 V corresponded to the formation of metal Mo nanoparticles and sodium 
sulfide, and no MoS2 could be reversibly generated in the next charging process. 
The possible reason may be the same as that for LIBs. In the charging process, Mo 
nanoparticles will remain electrochemically inert, and the alkali sulfides will be 
oxidized to S. Thus, the reaction in the following cycles is similar to that in the 
lithium-sulfur batteries. According to the DFT calculations, the calculated 
formation energy (Ef) suggested that the 2H-MoS2 was transformed to 1T-MoS2 
when the sodium concentration was greater than 0.39 per MoS2, which was very 
close to the x value obtained from experimental results.7, 80, 81 The Ef of NaxMoS2 
was higher than −1.0 eV, but the Ef of the fully discharged state is significantly 
lower and had the value of −15.46 eV, which indicated that the Mo metal and 
sodium sulfide were very stable and not easy to reverse back to MoS2. Some reports, 
however, assigned the platform around 1.8 V to the oxidation reaction to reform 
the MoS2.
82-84 Further investigations on the mechanism of the reaction are needed 
to provide more detailed and reasonable evidence. 
2H-MoS2 + 0.5 Na → 2H-Na0.5MoS2 (0.85 V)                              (3) 
2H-Na0.5MoS2 + (x−0.5) Na → 1T-NaxMoS2 (x < 1.5, 0.75 V)                    (4) 
1T-NaxMoS2 + (4−x) Na → Mo + Na2S (below 0.2 V)                        (5) 
MoS2 electrode has a severe cycling problem and large voltage polarization, due to 
the irreversible reaction and the shuttle effects of polysulfides.85, 86 Effective ways 
to solve these problems have been widely proposed. Nanostructure design can 
shorten the diffusion paths of lithium/sodium ions and provide the capability to 
accommodate large volume changes.62, 87-93 Carbon analogues can help to confine 
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the bad effects of volume changes, prevent the dissolution of active materials, and 
provide high electrical conductivity.76, 85, 94-98 Reports on one-dimensional (1D) to 
three-dimensional (3D) structured MoS2 composites have been summarized. 
 
Figure 2.9 (a) TEM image, (b−d) high resolution TEM (HRTEM) images, and (e) 
the rate capability of single-layered MoS2 nanoplates embedded in carbon 
nanofibers. (a-e)99 (f) SEM image, (g, h) HRTEM images, and i) the rate and 
cycling performances of MoS2/C nanotubes. (f−i) 
100. 
 Zhu et al. synthesized single-layered MoS2 nanoplates embedded in carbon 
nanofibers by a facile electrospinning method and calcination (Figure 2.9a-e).99 The 
ultra-small particle size ensured a short Na+ ions diffusion time, and the carbon 
matrix provided high electrical conductivity. Thus, the composites showed a high 
discharge capacity of ~400 mAh·g−1 at 10 A·g−1. Shi et al. synthesized 1D MoS2/C 
nanotubes through a solvothermal reaction (Figure 2.9f-i).100 The obtained material 
showed a capacity of 471 mAh ·g−1, and the capacity retention was about 100% 
after 200 cycles. In the meantime, the capacity could reach 187 mAh·g−1 at a high 
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current density of 20 A·g−1.  
 
Figure 2.10 (a) TEM image of superacid treated MoS2, and (b) rate and cycling 
performances of MoS2/graphene. (a, b)
101 (c) TEM image, (d) SEM images, and h) 
the rate performance of Re-doped inorganic fullerene MoS2. (c−e) 
102. 
David et al. prepared a 2D MoS2 nanosheet/graphene paper through a liquid 
solution reaction, ultrasonic treatment, and subsequent calcination (Figure 
2.10a).101 The improved electrochemical reaction is shown in Figure 2.10b. Re-
doped 3D fullerene-like MoS2 was reported by Tenne and co-workers (Figure 
2.10c-e).102 The rate performance was optimized by Re-doping, and a capacity of 




Figure 2.11 (a) TEM image, (b) galvanostatic curves in selected cycles, (c) rate 
capability, and (d) long-term cycling performance of MoS2/C microspheres. (a−d) 
75. (e, f) TEM images, and (g) the cycling performance of MoS2/porous carbon. 
(e−g) 103. 
Chen’s group synthesized 3D MoS2/C microspheres by using a spray pyrolysis 
method, and results showed an ultra-long-term cycling life with a capacity of 400 
mAh·g−1 at 1 A·g−1 (Figure 2.11a-d).75 The successful design of MoS2 nanosheets 
homogeneously dispersed inside the carbon matrix provided great stability to the 
active materials. The microsphere structure could still be maintained after 100 
cycles. Park et al. obtained hierarchical few-layer MoS2 embedded in hierarchical 
porous carbon as a long-cycle-life electrode for SIBs.103 The cycling performance 
showed capacity retention of ~70% after 300 cycles as shown in Figure 2.11e-g. 
The performances were effectively enhanced through nanocrystallization and 
carbon modification, but the capacity retention still cannot be maintained above 90% 
after hundreds of cycles. Further investigations on the cut-off voltage and 
electrolyte selection are responsible for the great progress on MoS2/Na batteries. 
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According to the DFT calculations, the very stable discharging products of Mo and 
Na2S make the reaction hard to reverse.
80 Therefore, it is possible to avoid the 
conversion by cutting off the terminal voltage. Moreover, modifying the MoS2 
interlayers through synthetic procedures has been investigated, such as by 
introducing expanded layers and poly(ethylene oxide) (PEO) or graphene 
intercalated layers.104, 105 
 
Figure 2.12 (a) Schematic illustration of materials preparation of PEO-intercalated 
MoS2 composite and (b) its corresponding HRTEM image. (a, b)
106. (c) Rate and 
cycling performance of expanded MoS2/Na battery. (d−f) HRTEM images of MoS2 
electrode at the 10th, 500th, and 1000th cycles. (c−f)21. 
Li et al. obtained interlayer-expanded MoS2-PEO nanocomposites. The synthesis 
method and accompanying TEM image are shown in Figure 2.12a and 2.12b, 
respectively.106 After introducing two PEO layers into adjacent S-Mo-S layers, the 
optimized MoS2L-PEO nanocomposites showed a capacity of 225 mAh·g
−1 at 50 
mA·g−1 after the first 5 cycles of activation. Bang et al. prepared few-layer MoS2 
by liquid phase exfoliation.25 The results showed highly stable charge capacities of 
164 and 161 mAh·g−1 for the 1st and the 50th cycles at 20 mA·g−1, respectively. 
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Chen’s group investigated the changes in the MoS2 layers when the batteries were 
cycled at 0.4−3.0 V with selected 1 M NaCF3SO3/diglyme electrolyte.
21 Capacities 
of 200 mAh·g−1 at 1 A·g−1 and 175 mAh·g−1 at 10 A·g−1 were obtained in the first 
few cycles, as shown in Figure 2.12c, and then the capacities were slightly 
increased. After cycling for 300 cycles, the capacity was increased to 350 mAh·g−1 
at 50 mA·g−1, which was caused by the exfoliated layers. The fewer the number of 
layers in the MoS2 sheets, the greater the number of Na
+ ions that they can take up. 
The ex-situ TEM images from the 10th, 500th, and 1000th cycles confirmed that the 
MoS2 layers had gradually expanded and been exfoliated during cycling (Figure 
2.12d-f). Meanwhile, the pseudocapacitance found in the battery system facilitated 
long-term cycling performance and high rate capability.  
2.6.3.7 WS2 
 
Figure 2.13 (a) Schematic illustration of the synthesis of the WS2/3D-graphene 
composites. (b) TEM image and (c) the rate performance of WS2/3D-graphene 
composites. (d−f) 107. 
Tungsten and molybdenum are both group 6 transition metals, and they share 
similar structures and properties. WS2 and WSe2 belong to the hexagonal phase. 
The mechanisms of WS2 and WSe2 include both the sodium ion intercalation 
process and the conversion reaction during the initial discharge process.108-110 
Suffering from the common failings of MXs, the cycling performances of bare WS2 
and WSe2 are not satisfactory.
111 To improve the cycling performance, Su et al. 
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prepared WS2/graphene composites, which showed a capacity of ~600 mAh·g
−1 at 
20 mA·g−1.112 Chen’s group prepared WS2 nanowires through a solvothermal 
reaction and subsequent calcination in Ar atmosphere.113 The obtained WS2 
nanowires exhibited capacities of 550 mAh·g−1 at 100 mA·g−1 and 236 mAh·g−1 at 
5 A·g−1, respectively. Wang et al. prepared free-standing WS2/carbon nanotube 
(CNT)-rGO aerogel by applying an ice template method.114 The resultant product 
displayed a capacity of 311 mAh·g−1 at 100 mA·g−1. Choi et al. obtained WS2/3D-
graphene composites by using spray pyrolysis and a sulfuration process (Figure 
2.13a).107 The void space of 3D-graphene derived from the decomposition of 
polystyrene (PS) template was employed to accommodate the volume changes 
during cycling (Figure 2.13b). Thus, the WS2/3D-graphene showed greatly 
improved stability compared to the sample without PS template, and the rate 
capability was enhanced by the 3D-graphene conductive networks (Figure 2.13c).  
2.6.3.8 Other transition metal sulfides 
Other transition metal sulfides such as MnS, Cu2S, CuS, ZnS, and binary metal 
sulfides have also been investigated, but have not received much attention to.115-118 
The theoretical capacities of MnS, Cu2S, CuS, and ZnS are 616, 337, 561, and 550 
mAh·g−1, respectively. MnS and ZnS feature the same one-step reaction to form 
the transition metal and Li2S/Na2S. MnS hollow microspheres on rGO were 
reported by Xu et al.116 The hollow structure and rGO supported the cycling 
stability, which led to a capacity of ~300 mAh·g−1 for 120 cycles. Graphene oxide 
(GO)-supported ZnS was synthesized through a microwave reaction.117 The size of 
the obtained ZnS nanocrystallites was around 20 nm, and the nanoparticles were 
homogeneously dispersed on the graphene surface. The charge capacities of the 1st 
and 50th cycles were ~600 and ~480 mAh·g−1, corresponding to a capacity retention 
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of ~80% at 100 mA·g−1. For both Cu2S and CuS, the reaction mechanism for SIBs 
was quite different from that for LIBs.115, 118, 119 According to a previous report on 
the CuS/Li battery, Cu2−xS (28.42 cm
3) had high copper mobility and a similar 
structure to Li2S (28.01 cm
3). The Li2S was generated from the beginning of the 
discharging process, which made it hard to select a terminal voltage to avoid Li2S 
to improve the cycling property. In SIBs, however, the terminal voltage can be set 
with a cut-off voltage at 0.4 V to prevent the formation of sodium sulfides. Kim et 
al. investigated the properties of Cu2S by applying the cut-off voltage at 0.4 V, and 
the capacities were 294 and 261 mAh·g−1 at 1st and 20th cycles at 50 mA·g−1, 
respectively.115 The discharge product was found to be NaxCu2S without sodium 
sulfides. Klein et al. tested CuS/Na with a full discharge voltage down to 0.01 V, 
and the initial capacity was around 750 mAh·g−1, but there was great capacity 
loss.118 Only about 80 mAh·g−1 was left at the 5th cycle. To sum up, avoiding the 
presence of Li2S and Na2S can be a very effective way to improve the cycling 
performance. 
Binary metal sulfides were also reported with the aim of solving the large volume 
change problem during cycling.120 Choi et al. synthesized Ni3Co6S8/rGO 
composites by spray pyrolysis and further sulfuration. The obtained Ni3Co6S8/rGO 
showed great cycling performance. The capacities were 506 and 498 mAh·g−1 at 
the 30th and 100th cycles, respectively. The capacity of 361 mAh·g−1 was tested at 
a high current density of 5 A·g−1. Other researchers replaced part of the Se in metal 
selenides with S to improve the electrochemical performance. Shi et al. prepared 
Mo(Se0.85S0.15)2/C composites and obtained high capacities of 440, 398, and 360 
mAh·g−1 at 50, 500, and 2000 mA·g−1, respectively.121 Some studies also 
investigated hierarchical or homogeneous mixtures of different TMS or TMS with 
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metal oxides.35, 62, 120, 122-125 All of these papers showed greatly improved 
performances, which can enlighten future studies on materials design. 
2.7 Transition metal phosphide 
Transition metal phosphide has attracted increasing attention because of their high 
theoretical capacity and low charge voltage. Two challenges are hindering the 
development of transition metal phosphide. First, the large volume change results 
from the high capacity. Second, the inferior intrinsic electronic conductivity will 
hinder the rate performance. Methods such as carbon coating and morphology 
design have been used to release and solve the bad effects. The electrochemical 
reaction mechanism can be summarized as follow: 
M𝑥P𝑦 + 3𝑦 Na = 𝑥 M + 𝑦 Na3P  
2.7.1 Synthesis 
The synthesis of transition metal phosphide can be classified into the following 
methods: metal derived phosphide, metal oxide derived phosphide, and metal salts 
derived phosphide. Phosphides can be obtained by chemical combination of 
phosphorus and transition metal by mechanical alloying and solid calcination. 
Metal oxide can be converted to metal phosphide by hydrothermal reaction and gas 
(PH3) route. The phosphide can also form by simply decompose metal phosphate 
salts such as NiNH4PO4·H2O. 
2.7.2 Phase, morphology, and performance 




Figure 2.14 (a) The SEM image of FeP/carbon composite. (b) Cycling performance 
of FeP/carbon.126 
Iron phosphide has been synthesized as anode materials for rechargeable batteries, 
owing to the high abundance and low price of iron. FeP can be synthesized through 
ball-milling method (Figure 2.14a). Li et al. synthesized FeP/carbon materials and 
obtained an initial discharge capacity of 460 mAh·g−1 at 50 mA·g−1 (Figure 2.14b). 
The ex-situ XRD also indicated the existence of metal iron after discharging. 
Prussian blue derived FeP@C composite was synthesized by Li et al. By 
introducing rGO as conductive network, the as-prepared FeP@C materials 
exhibited a high capacity of ~300 mAh·g−1. 
2.7.2.2 Cobalt phosphide 
 
Figure 2.15 (a) Schematic illustration of the preparation of CoP@C-RGO-NF. (b) 
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TEM image of CoP@C-RGO. (c) Cycling performance and CE of CoP@C-RGO-
NF.127 
Cobalt phosphide can also be synthesized through ball-milling method. Li et al. 
synthesized CoP composite as anode materials for sodium ion batteries.128 The 
obtained CoP displayed a high discharge capacity of 770 mAh·g−1. But only 70% 
capacity remained after 25 cycles, which is resulted from the large volume change. 
To overcome the large volume change, rGO was used to enhance the rate property 
and accommodate the large volume change. Yin and co-workers synthesized binder 
free CoP@C-rGO-NF anode material (Figure 2.15).127 The porous structure also 
enhanced the immersion of electrolyte. Finally, the obtained material has achieved 
a stable capacity of 473 mAh·g−1 over 100 cycles. 
2.7.2.3 Nickel phosphide 
 
Figure 2.16 The illustration of synthesis of yolk-shell like Ni2P composite.
129 
Nickel phosphide has shown promising performance as anode materials. Yu’s 
group has prepared yolk-shell like Ni2P composite through a self-templating 
method.129 First NiNH4PO4·H2O nanorods were syenthsized. And then the 
nanorods were mixed with GO. Finally, the precursors were calcined in an argon 
and hydrogen atmosphere. The as-prepared Ni2P and rGO composite showed high 
capacity of 214 mAh·g−1 and a high capacity retention of 89% after 100 cycles. 




Figure 2.17 (a) Schematic illustration of Cu3P/C composites. (b) SEM and (c) TEM 
images of Cu/PTA-MOPF and PTA. (d) TEM image of Cu3P/CNS composite. (e) 
Cycling performance of different ratio of supportive carbon.130 
Copper phosphide is also popular because of the cheap raw materials. N and P-
doped carbon supported Cu3P nanoparticles were decomposited from copper 
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organophosphine framework by Kong et al.130 The innovative design is illustrated 
in Figure 2.17a. And SEM and TEM images of the Cu-MOF are shown in Figure 
2.17b and 2.17c. After annealing N and P-doped carbon supported Cu3P 
nanoparticles was obtained and shown in Figure 2.17d. The reversible capacity was 
258.1 mAh·g−1 at 100 mA·g−1 (Figure 2.17e). The homogeneously dispersed Cu3P 
nanoparticles with high crystallinity enhanced the electrochemical performances. 
Nevertheless, the content supportive carbon in the composite was 20%, which 
lowered the specific energy density. Fan et al. synthesized binder-free Cu3P 
nanowires on Cu basement.131 The as-prepared products exhibited high capacities 
of 362.2 mAh·g−1 at 0.28 C. The capacity retention was 68.8% after 50 cycles. The 
outstanding performance was derived from the nanostructure design and excellent 
contact between active materials and current collector. The loading mass, however 
was only about 0.2−0.4 mg·cm2, which hinders its further practical use. Liang et al. 
synthesized Cu3P with dendritic morphology by direct phosphidation of copper 
basement.132 The as-prepared Cu3P obtained from 3 minutes’ plasma treatment 
delivered a capacity of ~300 mAh·g−1 at 0.28 C. During the following 50 cycles the 
capacities continuously dropped, with capacity retention of ~70% at the 50th cycle. 
The large volume change during cycling is still a big problem and would cause 





Chapter 3 Experimetal 
3.1 Materials and chemicals 
Materials and chemicals used in my research are listed in Table 3.1. 



























































CF3SO2NLi 97 Sigma 
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3.2 Materials preparation 
The synthetic methods used here are solvothermal reaction, hydrothermal reaction, 
solid-state reaction, mechanical exfoliation, and precipitation. 
3.2.1 Solvothermal and hydrothermal reaction 
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Solvothermal and hydrothermal reaction is a technology that can generate high 
pressure in a sealed container when temperature increases. Salts can be dissolved 
in the solvent (water based, or non-water based), resulting in a homogeneous 
reaction. Therefore, solvothermal and hydrothermal reaction are used to synthesize 
some beautiful and useful morphologies. The as-prepared materials can also have 
preferred orientation of their crystal. In order to make the precursors fully reacted, 
it is also applicable to prolong the reaction time. In the meantime, good quality 
crystals can be obtained. 
3.2.2 Solid-state reaction 
Solid-state reaction can be used to obtain multi-element materials. Several kinds of 
precursors can be mixed by ball-milling, hand mixing, etc. Then the mixture is 
annealed at high temperature to generate the final product. This method is very 
cheap, facile, easy, and popular, and can be used in commercialization. 
3.2.3 Mechanical exfoliation 
Mechanical exfoliation is used to obtain thin layer or small materials, which can be 
achieved using a kitchen blender. The high speed rotating will make large amount 
of gas bubble in the solvent, which can generate very high energy when hitting the 
target materials. With this energy, two dimensional materials layered materials can 
be exfoliated into ultra-thin layer material. This method is also very cheap, facile, 
and easy, and is suitable for commercialization. 
3.2.4 Precipitation 
Precipitation is a way to synthesize materials which has low solubility in solvent. 
By controlling temperature, kinds of solvent, concentration, etc. different kinds of 
morphology can be achieved. Precipitation can be used to synthesize some 
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materials which has requirements for their size or morphology, and is also suitable 
for commercialization. 
3.3 Battery assemble 
3.3.1 Electrode preparation 
First, active material, conductive carbon, binder, and selected solvent are first 
mixed to form homogeneous slurry. Second, the slurry is pasted onto the current 
collector. Last the electrode is dried in a vacuum oven at specific temperature. 
3.3.2 Coin-cell assemble 
Type CR2032 coin cells are assembled in an Ar-filled glove box. Typically, lithium 
or sodium plate is attached to the anode side coin cell shell. A proper separator is 
placed on the lithium or sodium plate. Several drops of electrolyte is then added 
onto the separator. After that, cathode electrode, spacer, spring are placed in order. 
Finally, cathode side coin cell shell is used to seal the coin cells. 
3.4 Material characterization 
3.4.1 X-ray powder diffraction 
X-ray powder diffraction (XRD) is a typical method to characterize the phase of 
synthesized material. Crystalline can be identified by XRD according to Bragg’s 
Law: 
2dsinθ=nλ     (3.1) 
where d is the space of crystal planes, θ is incident angle, λ is the wavelength of the 
X-ray beam. 
For fresh synthesized powder, the XRD was measured using powder directly. For 
74 
 
electrode materials, we generally disassembled the coin cell in the glove box and 
put the electrode on a specific glass and covered with parafilm. Then the powder 
samples and electrodes were tested on GBC MMA XRD instrument. 
3.4.2 Scanning electron microscopy 
The scanning electron microscopy (SEM) can procure micro-size and nano-size 
materials through collection the signal from interact between electron and materials. 
Due to the low voltage, SEM is usually used to characterize the surface morphology 
and composition. 
3.4.3 Transmission electron microscopy 
The transmission electron microscopy (TEM) can identify the morphology and 
structure information of materials. The voltage of TEM is much higher than SEM 
and can transmit the thin materials, which can be used to get electron diffraction. 
3.4.4 Thermogravimetric analysis 
Thermogravimetric analysis (TGA) is to characterize the mass change when 
heating a sample to determined temperature. It can use to calculate the carbon 
content in a composite, and learn the phase change to support solid-state reaction. 
3.5 Electrochemical characterization 
3.5.1 Galvanostatic charge and discharge test 
Galvanostatic test is a basic method to characterize the electrochemical 
performance of a material. The obtained charge and discharge curves can provide 
the dis-/charge capacity, working platform, energy density, power density, rate 
performance, cycling performance, etc. The battery test system is bought from 
Wuhan Land. The maximum current range is 1 Ma. The voltage range is from 0 V 
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to 5 V. 
3.5.2 Cyclic voltammetry 
Cyclic voltammetry (CV) test is a technology to directly investigate the oxidation 
and reduction peaks of batteries. The kinetics of electrode reaction also can be 
calculated by the CV data. For example, the diffusion coefficient, capacitance 
contribution, side reaction, etc. CV was conducted on a Parstat 2273 
electrochemical workstation (AMETEK). 
3.5.3 Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) is an important technology to 
evaluate the physical parameters of a battery. Typically, with a simulated 
equivalent circuit, the charge transfer resistance, ohmic resistance, solution 
resistance, double layer capacitance, and ionic diffusion information can be known. 
Electrochemical impedance spectroscopy (EIS) was conducted on a Parstat 2273 
electrochemical workstation (AMETEK). The ac perturbation signal for the EIS 
testing was ±10 mV, and the frequency ranged from 100 mHz to 100 kHz. The EIS 
fitting is performed by the EIS fitting program. An equivalent circuit was used 
based on the battery system. After simulation, the charge transfer resistance (Rct) 
which can be calculated by the software. 
3.5.4 Galvanostatic intermittent titration technique 
Galvanostatic intermittent titration technique (GITT) can be used to test lithium 














                                     (3.2) 
Where D is the ionic diffusion coefficient (cm2·s−1), τ is the duration of the 
current pulse (s), nm and Vm are the number of moles of electrode material (mol) 
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and the molar volume of the electrode (cm3·mol−1). A denotes the contact surface 
between electrolyte and electrode (cm2), ∆ES is the steady-state voltage change 
due to current pulse (V), and ∆Eτ is the voltage change during constant current. 
3.5.5 Density functional theory 
The density functional theory (DFT) calculation has been used to confirm the 
electronic conductivity of intermediate during batteries cycling. The calculations 
were performed using the ab-initio total-energy and molecular-dynamics program 
VASP.133, 134 By rational design the model of raw materials and reasonable 
parameters to optimize the crystal cells. Projector augmented wave (PAW) 
pseudopotentials as implemented was used. The density of states (DOS) of the 
calculated material indicates the states available at each level of energy in this 





Chapter 4 FeS2 microsphere as high performance 
electrode materials for lithium ion batteries 
4.1 Introduction 
Batteries for electrochemical energy storage and conversion have become 
one of the most important devices in people’s daily life.21, 97, 135-138 As the 
technology development goes on, long life and high safety assurance become 
more and more important in batteries designation.2, 139-142 However the 
battery performance is mainly limited by the cathode material and several 
reports have focused on the exploration for new materials and modification 
of existing materials.143-148 Pyrite FeS2 as a classical cathode material creates 
great values in commercial primary lithium batteries by Energizer 
Company,149 mainly because of the cheap raw materials, abundant resources, 
and the capability of four-electron transfer (theoretical specific capacity of 
893 mAh∙g−1). Meanwhile, researchers have tried intensive investigations on 
rechargeable Li/FeS2 batteries, but still have to face the poor cycling of such 
batteries with common carbonate-based electrolyte (e.g. ethylene carbonate 
and diethyl carbonate (EC-DEC)).150 
The electrochemical reactions of rechargeable Li/FeS2 batteries are intercalation 
and conversion:151-153 During the first discharge, FeS2 reacts with Li to form 
Li2FeS2 with metallic conductivity.
154 In the following discharge process, the 
conversion reaction with the formation of Fe metal and Li2S happens. During the 
charge, partial S2− is oxidized to S (always happening at ~2.3 V). Then, during the 
following cycles, the redox couple existing in Li/S batteries occurs. This couple 
generates polysulfides that would react with carbonate-based electrolyte as side 
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reaction (Figure 4.1) and result in severe capacity loss and irreversible electrode 
destruction during cycling.155, 156 Meanwhile, the huge volume change of phase 
transformation during repeated charge and discharge would result in the non-
effective contact of the electrode materials, the inhomogeneous distribution of the 
electrolyte in the material surface/interface, and the polarization of the electrode.157 
This limits the application of FeS2 as the cathode of rechargeable Li/FeS2 batteries. 
 
Figure 4.1 The reaction between carbonate-based electrolyte (EC-DEC) and 
polysulfides. 
To improve the electrochemical performance of rechargeable Li/FeS2 batteries, 
there are two efficient solutions. On one hand, much attention has focused on the 
modification of FeS2 electrode.43, 158-160 Maier and co-workers found that by carbon 
compositing, carbon-encapsulated FeS2 nanooctahedra greatly depressed the side 
reaction of FeS2 with carbonate-based electrolyte.43  The discharge capacity in 
LiPF6/EC-DEC was 439 mAh∙g
−1 at 1C and superior capacity retention of ~90% 
was kept at 0.5C after 50 cycles. On the other hand, it is found that electrolyte also 
plays a key role in determining the electrode performance.161 Yersak et al. obtained 
the improved discharge capacity of 750 mAh∙g−1 at 0.1C and showed no obvious 
capacity fading after 20 cycles for rechargeable Li/FeS2 batteries with solid state 
electrolyte.159 It is worth pointing out that ether-based electrolytes have recently 
been proved friendly to Li-S/Li-O2 systems and also in graphite/Na system.162-164 
This inspires us to carry out the study of using ether-based electrolyte to replace 
carbonate-based electrolyte on the effect of electrochemical performance of 
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rechargeable Li/FeS2 batteries. It is demonstrated that after optimization, ether-
based electrolyte (lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and 
diglyme (DGM)) stabilizes the surface/interface of FeS2 cathode. The assembled 
Li/FeS2 batteries show the discharge capacity of 680 mAh∙g
−1 at 100 mA∙g−1 and 
the capacity retention of 90% after 100 cycles at 1000 mA∙g−1. 
4.2 Electrochemical section 
4.2.1 Synthesis of FeS2 microspheres  
The FeS2 microspheres were synthesized through a solvothermal method. 4 mmol 
FeSO4∙7H2O, 20 mmol sublimed sulfur, and 20 mmol urea were dissolved into 70 
mL of mixture of dimethyl formamide and ethylene glycol (4:3, v:v). Then the 
suspension was under continuous stir and was transferred into 100 mL of Teflon-
lined stainless-steel autoclave and maintained at 180 °C for 8 hours. The obtained 
product was centrifuged, washed with distilled water and absolute ethanol, and 
dried in the vacuum oven at 110 °C for 6 hours. 
4.2.2 Material characterization 
The crystalline structure of FeS2 microspheres was proved by X-ray diffraction 
(XRD, Rigaku MiniFlex600, Cu Kα radiation). The morphology of FeS2 was tested 
by scanning electron microscopy (SEM, JEOL JSM7500F) and high-resolution 
transmission electron microscopy (HRTEM, Philips Tecnai F20). Raman spectra 
were characterized on a confocal Raman microscope (DXR, Thermo-Fisher 
Scientific) with an argon-ion laser (λ=532 nm) in ambient air. 
4.2.3 Electrochemical test 
The electrochemical tests were measured via the CR2032 coin-type cells. The 
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cathode electrode was consisted of 80% active materials, 10% KS-6 and 10% 
sodium carboxymethylcellulose (CMC). The electrode materials were mixed by 
distilled water and coated onto the Cu current collector. The electrode was dried at 
110 °C for 10 hours in the vacuum oven and then pressed under 20 MPa by a tablet 
compression machine. The mass loading was about 1 mg·cm−2. Lithium foil was 
served as counter electrode and reference electrode, and glassfiber membrane was 
used as the separator. The C2032 coin cells were assembled in an argon-filled glove 
box. The electrolytes were 1.0 M lithium bis(trifluoromethanesulfonyl)imide 
(LiTFSI) dissolved in diglyme (DGM) and 1.0 M LiPF6 dissolved in the mixture of 
ethylene carbonate and dimethyl carbonate with the volume ratio of 1:1. 
Galvanostatic charge/discharge tests were carried out on a Land CT2001A cell 
testing system. The cells were meassured between 1.0−3.0 V vs. Li+/Li at various 
current densities. Cyclic voltammetry curves were procured on a Parstat 263A 
potentiostat/galvanostat workstation in the potential range of 1.0−3.0 V at 0.1 
mV∙s−1. Electrochemical impedance spectroscopy (EIS) was measured on Parstat 
2273 electrochemical workstation (AMETEK). The ac perturbation signal was ±5 
mV and the frequency ranged from 100 mHz to 100 kHz. 




Figure 4.2 XRD pattern of the as-prepared FeS2. 
FeS2 microspheres were synthesized through a solvothermal method by using 
sublimed sulfur, FeSO4∙7H2O, and urea as starting sources, and the mixture of 
dimethylformamide (DMF) and ethylene glycol (EG) as the solution. Figure 4.2 
shows the X-ray diffraction (XRD) pattern of the as-prepared FeS2 microspheres. 
The characteristic XRD peaks are in accordance with those of the cubic FeS2 
(standard JCPDS card No. 42-1340). The as-prepared FeS2 belongs to the space 
group of Pa 3 . 
 
Figure 4.3 SEM images of the as-prepared FeS2. 
Figure 4.3a and 4.3b exhibit the SEM images with two different magnifications. 
The SEM image in Figure 4.3a shows the homogeneous distribution of FeS2 
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microspheres. While, the SEM image in Figure 4.3b displays that the microspheres 
are consisted of nanoplates. Because of the tightly assembled nanoplates, the 
integrated material gives a tap density of 2.2 g∙cm−3, which provides high 
volumetric capacity to profit the practical applications. 
 
Figure 4.4 HRTEM image of the as-prepared FeS2. 
Figure 4.4 shows the high-resolution transmission electron microscope (HRTEM) 
image of the as-prepared FeS2. The d-space of 0.27 and 0.24 nm corresponds to 




Figure 4.5 The N2 adsorption and desorption isotherm of FeS2 microspheres. 
The nitrogen adsorption-desorption isotherms are measured and placed in Figure 
4.5. There is a hysteresis effect between the adsorption and desorption processes 
that is ascribed to the slit pores made by the accumulated nanoplates. The BET 
specific surface area is 28.9 m2∙g−1, which is good for the immersion of electrolyte. 
 
Figure 4.6 The Raman shift of FeS2 microspheres and bulk FeS2. 
The Raman spectra are also tested (Figure 4.6). The peaks at around 373 cm−1 and 
337 cm−1 represent the Ag and Eg vibration mode of FeS2. Moreover, the wider peak 





Figure 4.7 Charge and discharge curves of FeS2 microspheres in (a) Li/DGM and 
(b) Li/EC-DEC at current density of 100 mA∙g−1. 
The electrochemical performance was tested in two electrolytes: ether and 
carbonate-ester. Here, we choose LiTFSI and DGM as the ether-based electrolyte 
named Li/DGM, while LiPF6 and EC-DEC as carbonate-based electrolyte named 
Li/EC-DEC. Figure 4.7a and 4.7b show the galvanostatic profiles at the 1st, 5th, 
and 10th cycle. Cells in both kinds of electrolyte present two discharge platforms 
and two charge platforms in the initial cycle. The discharge platforms at ~1.65 V 
and 1.45 V belong to the intercalation process of Li+ (Equation 4.1) and the 
conversion reaction (Equation 4.2), respectively. Then, the charge platforms at 
~1.85 V and ~2.35 V are attributed to the electrochemcial reaction (Equation 4.3) 
and the oxidation of S2− to S (Equation 4.4), respectively. 
Discharge: 
        FeS2 + 2Li
+ + 2e−→Li2FeS2                           (4.1) 
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    Li2FeS2 + 2Li
+ + 2e−→Fe + 2Li2S                     (4.2) 
Charge: 
Fe + 2Li2S→Li2FeS2 +2Li
++2e−                                (4.3) 
Li2FeS2→0.8 FeS2 + 0.2FeS8/7 +0.175S + 2Li
+ + 2e−          (4.4) 
At the following cycles, the platform around 2.3 V still exists in Li/EC-DEC 
indicating the continuous generation of polysulfides. However, the cell displays no 
obvious platform existing at ~2.3 V in charge process with Li/DGM, which means 
that the DGM solution effectively inhibits the further formation of polysulfides. For 
FeS2 microspheres with Li/DGM and Li/EC-DEC, the 1st discharge capacities are 
842 mAh∙g−1 and 680 mAh∙g−1, and the 10th discharge capacities are 683 mAh∙g−1 
and 85 mAh∙g−1 at 100 mA∙g−1, respectively. It is a very clear contrast that Li/DGM 
has play important role in the cycling life as we make sure that all the other test 
parameters are controlled to be same. 
 




Figure 4.8a and 4.8b show the CV data. Cell in Li/EC-DEC displays higher 
oxidation overpotential of ~0.15 V more than that in Li/DGM. During the following 
cycles, the voltage polarization in Li/EC-DEC gradually turns larger and the peak 
current decreases, meaning the capacity collapse. In comparison, for the Li/DGM, 
the area under the curves tends to be stable, corresponding to the sustainable 
capacity. The narrow peaks also show that the cell with less polarization benefits 
from the fast kinetics. The reasons why the inferior electrochemical performance 
happens in the cell with Li/EC-DEC are owing to that, during cycling the sulfur is 
generated at the fully charging state according to previous work.158 Then, at 
discharging process, sulfur turns into polysulfides that would react with the 
electrolyte leading to severe destruction of the active materials. 24, 25 However, Li-
DGM electrolyte effectively inhibits the side reaction between polysulfides and 
electrolyte. This is responsible for the stable discharge capacity and CV signal. 
Thus, the electrolyte optimization is necessary for Li/FeS2 rechargeable batteries. 
 
Figure 4.9 Nyquist plots of EIS of as-prepared FeS2 in (a) Li/DGM and (b) Li/EC-
DEC at the platform around 1.65 V and 298 K in the 1st and 5th cycle. (Each inset 
representing the equivalent circuit: Rs: the solution resistance; CPE1 and CPE2: 
constant phase element of charge transfer and interface reaction, respectively; Rct: 




Electrochemical impedance spectroscopy (EIS) of the assembled cell with different 
electrolytes was characterized at the discharge platform around 1.65 V (Figure 4.9a 
and 4.9b). At the 1st and 5th cycle, Li/DGM shows the similar one-time constant, 
and both the data can be simulated by the equivalent circuit I (inset of Figure 4.9a). 
The semicircle at high frequency is derived from the charge-transfer process (CPE1 
and Rct), and the linear at low frequency is caused by the Li
+ diffusion process (Zw). 
However, the EIS data for Li/EC-DEC show different states between the 1st and 
5th cycle (Figure 4.9b). There is one-time constant at the 1st cycle, but two-time 
constants at the 5th cycle. As shown in the equivalent circuit II (inset of Figure 
4.9b), CPE1 and Rct are corresponding to the high frequency semicircle; While 
CPE2 and Rint generate the middle frequency semicircle, representing the reaction 
between the carbonate-ester and polysulfides on the interface of the electrode and 
electrolyte. Detailed Rs, Rct, and Rint are summarized in Table 4.1. The Rct values 
also show that the charge-transfer resistance is decreasing from the 1st to the 5th 
cycle for both electrolytes. The Rct is still smaller in Li/DGM than that of Li/EC-
DEC, which reflects the out-performed kinetics in Li/DGM. From the above 
discussion, the time constant changing in the Li/EC-DEC explains the side reaction 
occurring with the cycling. With the generation of polysulfides after the initial cycle, 
the side reaction exists as demonstrated by the second time constant shown in the 
EIS data of the cell with Li/EC-DEC electrolyte. On the contrary, the EIS data of 
the cell with Li/DGM expresses one-time constant all the time, and the Rct value 
decreases with the cell cycling. This ensures the superior electrochemical 
performance. 












1st 1.3 130.2 − 
5th 1.6 92.1 − 
Li/EC-
DEC 
1st 1.5 186.3 − 
5th 1.9 121.1 85.6 
 
Figure 4.10 The Nyquist plots of FeS2 microspheres in (a) Li/DGM and (b) Li/EC-
DEC at different temperatures at the 1st discharge platform. 
The EIS data at different temperatures are also characterized (Figure 4.10a and 
4.10b). Increasing the temperature results in the decrease of the value of Rct. At 
each temperature, Rct is smaller in Li/DGM than that in Li/EC-DEC. The apparent 
activation energy was calculated by the Arrhenius equation: 165 
i0=RT/nFRct                                  (4.5) 
i0=Aexp(−Ea/RT)                          (4.6) 
where A is a temperature-independent coefficient, R is the gas constant, T is the 





Figure 4.11 Arrhenius plots of lg(T/Rct) versus 1/T in Li/DGM and Li/EC-DEC 
(inset table displaying the detailed Ea value). 
The detailed Ea values are 38.1 kJ∙mol
−1 and 51.4 kJ∙mol−1 for the cell with Li/DGM 
and Li/EC-DEC, respectively (Figure 4.11). The lower Ea for Li/DGM is 
responsible for the high capacity and preferred rate performance  
 
Figure 4.12 Ionic conductivity of Li/DGM and Li/EC-DEC at the selected 
temperatures from 278 K to 323 K. 
The ionic conductivity of pure Li/DGM and Li/EC-DEC was measured (Figure 
4.12). Li/DGM electrolyte displays higher ionic conductivity at all temperatures 
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than that in Li/EC-DEC, meaning faster Li+ transportation in the cell. 
 
Figure 4.13 (a) Charge and discharge curves of FeS2/Li battery in Li/DGM at 
different current density (500 mA∙g−1 to 8000 mA∙g−1). (b) Rate performance in 
Li/DGM (the unit of current density is mA∙g−1). 
Figure 4.13 shows the electrochemical performances of FeS2 microspheres in 
Li/DGM electrolyte. The charge/discharge curves in Figure 4.13a show that the 
discharge capacities at the current density of 500, 1000, 2000, 3000, 4000, 5000, 
6000, 7000, and 8000 mA∙g−1 are 615, 556, 521, 496, 465, 439, 412, 383, and 318 
mAh∙g−1, respectively. The capacity can return back to 549 mAh∙g−1 at 1000 
mA∙g−1 (Figure 4.13b). This indicates the recovery capability for FeS2 




Figure 4.14 Ragone plots of typical materials in LIBs and FeS2 in this work. 
Figure 4.14 displays the Ragone plots of typical cathode materials in LIBs and FeS2 
microspheres in this work. The as-prepared FeS2 possesses extremely high specific 
energy density of ~1000 Wh∙kg−1 (from Y axis), which is much higher than that of 
the optimized LiNi0.5Mn1.5O4, Li0.88(Li0.18Co0.33Mn0.49)O2, LiFePO4, and 
LiMn2O4.166-169 Referring to the power density (from X axis), FeS2 still shows 
comparable specific power density of 10,000 W∙kg−1 that ensures the possibility for 
fast charge and discharge in practical applications. 
 
Figure 4.15 Cycling performance in Li/DGM at 1000 mA∙g−1 and 2000 mA∙g−1. 
Cycling performance is also tested to clarify the rechargeability of FeS2 
microspheres (Figure 4.15). The discharge capacities at 100th cycle with the current 
density of 1000 mA·g−1 and 2000 mA·g−1 are 540 mAh∙g−1 and 495 mAh∙g−1, 





In summary, rechargeable Li/FeS2 batteries with FeS2 microspheres as the cathode 
and ether-based Li/DGM as the electrolyte show much better electrochemical 
performance than those with the Li/EC-DEC electrolyte. The main factor is that 
DGM largely inhibits both the generation of polysulfides and the side reaction 
between polysulfides and carbonate electrolyte. For the cells with Li/DGM 
electrolyte, the capacities of 680 mAh∙g−1 at 100 mA∙g−1 and 412 mAh∙g−1 at 6000 
mA∙g−1 are obtained. Furthermore, the cells after cycling 100 times at 1000 mA∙g−1 
and 2000 mA∙g−1 show the capacity retention of 90% and 85%, respectively. Our 
new results show that ether-based Li/DGM electrolyte is responsible for the much-
improved performance of carbon-free FeS2. It also should be pointed out that the 
carbon-free FeS2/Li cell is able to serve as the rechargeable lithium batteries even 
in some extreme circumstance where high rate capability is emphasized, which 




Chapter 5 MoS2 with intercalation reaction as long-life 
anode material for Lithium ion batteries  
5.1 Introduction 
Recently rechargeable batteries have attracted large amount attentions mainly 
because of their cycling performance as sustainable power supply.4, 170, 171 
Especially for the rechargeable lithium ion batteries (LIBs), the practical 
applications mostly facilitate the social development.172, 173 Among different 
kinds of electrode materials, MoS2 has become one of the most popular 
materials owing to the layered structure like graphite.174, 175 The weak van der 
Waals force between the adjacent layers is easy to be broken by lithium ion 
insertion and the fully transition reaction will provide a high specific capacity 
of 670 mAh∙g−1 (four-electron reaction).176, 177 In order to get the optimized 
electrochemical performances, the reaction mechanism of MoS2 cycling in 
0.1−3.0 V has been wildly discussed.178, 179 At the first cycle, there is an 
intercalation process for MoS2 reacting with Li
+ to form LiMoS2, which 
accompanies the phase change from MoS2 with trigonal pristine (2H-MoS2) 
to trigonal antiprismatic MoS2(1T-MoS2).
180 As the interlayer spacing is 
much larger than graphite, it will introduce less volume change regarding the 
intercalation process.181 Then with continuous Li+ intercalation, the structure 
of layered MoS2 decomposes to Mo metal and Li2S. This step possesses large 
volume expansion (~103%) leading to electrode pulverization.182-184 Because 
the charge products can never return back to MoS2 again, the reaction 
mechanism of the following cycles is the reversible reaction between Li2S 
and S, just the same as Li/S batteries. Here comes the problem that MoS2 
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should also come across the difficulties as those in Li/S batteries, such as the 
severe capacity loss owing to the active materials dissolution, polysulfide 
shuttling effect, and side reaction between polysulfides and electrolyte.156 So 
it is urgent to find proper method to solve the problems mentioned above. 
The most effective method is the nano-size design together with carbon 
modification.185 The nano-size design would provide short ion diffusion path, 
which will enhance the reaction kinetics.186 By coating with carbon, the 
active materials can be protected from the negative effect of the volume 
expansion and accelerate the surface electron transportation. Qiao and 
coworkers synthesized mesoporous MoS2 with expanded interlayer. The as-
prepared product showed an initial capacity of 1052 mAh∙g−1 and lasted for 
100 cycles at 0.1 A∙g−1.136  Although carbon coating leads great improvement 
on the MoS2/Li batteries, the cycling performance is still hard to match the 
need for commercialization, and the broaden voltage region (0.1−3.0 V) still 
suffers from safety issues like electrolyte decomposition, large volume 
change (203% after change), and precipitation of lithium metal on the anode 
surface of LIBs. Thus to further improve the electrochemical performance of 
MoS2, there should be more modification beside carbon coating and nano-
size design. 
According to previous work on MoS2, FeS2 and FeSe2, setting proper cut-off 
voltage to prevent a conversion type reaction happening is an effective way to 
improve the cycling life. Py et al. has excluded the possibility for lithium/electrolyte 
co-intercalation.187 After lithium intercalating there is only 0.14 Å expanded for the 
MoS2 interlayer. And the intercalation reaction can confine the charge and 
discharge platform mainly locating in the voltage range of 1.5−2.0 V. So, it is a 
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prominent improvement on the volume and voltage control for intercalation 
reaction than the conversion type reaction. This inspires us to fabricate the full cell 
using MoS2 as anode material mainly because the low volume change and high 
terminal discharge voltage just like Li4Ti5O12, etc.
183 As known, the high-voltage 
cathode materials (e.g. LiCoO2 and LiNi0.5Mn1.5O4) that always suffer from the risk 
of electrolyte decomposition when charging over 4.0 V in the practical use. Figure 
5.1 shows the typical charge and discharge curves of cathode material LiCoO2, and 
anode materials MoS2, Li4Ti5O12, and graphite. Graphite is the most popular 
commercial anode material owing to its cheap price, relative stable cyclability, and 
competitive specific capacity. However, the charge and discharge curves are almost 
around 0 V, which probably leads to the deposition of lithium metal on the surface 
of anode materials and then causes severe safety issues like short circuit. But 
materials such as MoS2 and Li4Ti5O12, which hold much safer voltage region from 
1.0−3.0 V (half-cell), can not only avoid safety issues like short circuit and large 
volume change during cycling (full cell) but also lower risk for electrolyte 
decomposition when served as the counter electrode of high voltage cathode 
material.181, 188 Nevertheless, until now there are only a few papers focusing on the 
MoS2/Li battery with intercalation reaction.
187, 189-191 
 




Herein we have synthesized the MoS2 with expanded layers (H-MoS2) through 
hydrothermal process and freeze-drying method by modifying the experimental 
method of our previous work. To preserve the layer structure, obtain relative high 
specific capacity and protect the electrolyte from decomposition, the terminal 
discharge voltage was set to 1.0 V. The stable charge and discharge platform was 
~1.8 V and ~1.6 V, which ensured the possible applications for commercial 
rechargeable lithium batteries and anode in rechargeable LIBs (full cell with 
LiCoO2 as the counter electrode). 
5.2 Experimental section 
5.2.1 The preparation of H-MoS2 
0.6 g Na2MoO4·2H2O and 0.8 g CS(NH2)2 were dissolved into 60 mL of distilled 
water, and the pH value of the solution was adjusted to 1 by adding hydrochloric 
acid. After continuously stirring, the blue solution was transferred into the 100 mL 
teflon-lined stainless-steel autoclave and was treated with 180°C for 24h. The 
obtained black powders were washed by water and ethanol, and finally treated with 
freeze-drying method. 
5.2.2 Material Characterization 
Crystallization structure was measured by X-ray diffraction (XRD, GBC MMA, Cu 
Kα radiation). The morphology and microstructure of MoS2 were recorded by 
scanning electron microscopy (SEM, JEOL JSM7500F) and high-resolution 
transmission electron microscopy (HRTEM, JEOL 2011). 
5.2.3 Electrode and coin cell preparation  
5.2.3.1 Half cell 
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The CR2032 type coin cell was assembled in an argon-filled glove box. The 
working electrode was consisted of 80% active materials, 10% KS-6 and 10% 
sodium carboxymethyl cellulose (CMC) on Cu foil. The electrode was dried at 
110 °C for 10 h in a vacuum oven and then pressed under 30 MPa by a tablet 
compression machine. The mass loading was about 1 mg·cm−2. Lithium foil was 
served as anode electrode and reference electrode, and glass fiber filter was used as 
the separator. The electrolyte was 1.0 M bis(trifluoromethanesulfonyl)imide and 
dissolved in tetraethylene glycol dimethyl ether. 
5.2.3.2 Full cell 
The cathode electrode material was consisted of 80% LiCoO2, 10% KS-6 and 10% 
sodium carboxymethyl cellulose (CMC) on Aluminum foil. The electrode was 
dried at 110 °C for 10 h in a vacuum oven and then pressed under 30 MPa by a 
tablet compression machine. The as-prepared H-MoS2 was used as anode electrode 
material. The electrolyte and separator were the same as those using in half cell. 
The N/P ratio is 1.05:1, and loading of cathode and anode is 1.3 mg/cm2 and 1.0 
mg/cm2. And the tapping density of H-MoS2 and LiCoO2 is 0.8 g/cm
3 and 2.5 g/cm3, 
respectively. 
5.2.4 Electrochemical characterization 
Land CT2001A cell testing system was used to test galvanostatic charge/discharge 
cycles in the voltage range of 1.0−3.0 V and 0.1−3.0 versus Li+/Li for half-cell and 
1.5−3.5 V for full cell. Electrochemical impedance spectroscopy (EIS) was 
measured on Parstat 2273 electrochemical workstation (AMETEK). The ac 
perturbation signal was ±5 mV and the frequency ranged from 100 mHz to 100 kHz. 




Figure 5.2 (a) The XRD pattern of H-MoS2 and B-MoS2, and the HRTEM images 
of (b) H-MoS2 and (c) B-MoS2. 
The H-MoS2 represents the product procured by hydrothermal treatment, and B-
MoS2 represents the bulk MoS2 purchased from (Alfa aesar, 10−20 μm). Figure 5.2 
illustrates the X-ray diffraction (XRD) patterns of H-MoS2 and B-MoS2. Results 
show that the H-MoS2 shows broadening characteristic peaks, and lower peak 
intensity. On the contrary, B-MoS2 holds the sharp and strong XRD peaks. 
Meanwhile the peak shift of the (002) crystal plane indicates the layers in H-MoS2 
slightly expand. 
 




Figure 5.3a and 5.3b displays the high-resolution transmission electron microscopy 
(HRTEM) images of H-MoS2 and B-MoS2. The d-spacing calibrated from the 
crystal fringes is in accordance with the XRD analysis. H-MoS2 layers (layer 
distance of 0.69 nm) arrange disordered and rich-defective, however the B-MoS2 
possesses the neatly restack MoS2 layers with the d-spacing of 0.62 nm. Through 
the freeze-drying process, which is also used as the most effective way to fabricate 
2D/3D graphene, the ice plays an important role in supporting the morphology.192 
When the ice is evacuated from the powders, the MoS2 layers with expanded space 
can preserve. Figure 5.3c shows the SEM image of graphene-like nanosheets 
assembled H-MoS2 nanoflowers. The diameter of the nanoflowers was 200-300 nm. 
 
Figure 5.4 (a) The galvanostatic charge and discharge curves and (b) cycling 
performance of H-MoS2 at 0.2 A∙g
−1 in 0.1−3.0 V.  
The half-cell performance at 0.2 A∙g−1 in the voltage range of 0.1−3 V was tested 
(Figure 5.4a and 5.4b). As expected, the large voltage polarization between the 
charge and discharge process proves the above analysis that it is not suitable for 
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full cell use. Although the discharge capacity can reach 670 mAh∙g−1 (4 electrons/ 
Li+ ions reaction), the large volume change generating from the formation of 
conversion product Mo and Li2S leads to the capacity fade and worse reaction 
kinetics. 
 
Figure 5.5 Galvanostatic charge and discharge curves of (a) H-MoS2 and (b) B-
MoS2 at 1st and 200th cycles at a current density of 0.2 A∙g
−1.  
To obtain improved cycling performance, the cut-off voltage has been applied. 
Then the electrochemical performances were tested. Figure 5.5a and Figure 5.5b 
exhibit the Galvanostatic charge and discharge curves of H-MoS2 and B-MoS2 at 
0.2 A∙g−1. Referring to the initial cycle, the H-MoS2 has higher discharge platform 
(~1.5 V) and more specific discharge capacity (260 mAh∙g−1) than B-MoS2 (~1.1 
V and 181 mAh∙g−1) because of the different d-spacing of (002). Larger layer 
distance facilitates the kinetics of Li+ intercalation leading to smaller energy barrier 
and the stable thermodynamics expressing as the larger capacity for 
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accommodating more Li+.193, 194 
 
Figure 5.6 Cycling performance of (a) H-MoS2 and (b) B-MoS2. 
From the cycling performance (Figure 5.6a and Figure 5.6b), the capacities at 2nd 
cycle reveal a slight decrease and the detailed values are 195 and 108 mAh∙g−1 of 
H-MoS2 and B-MoS2, respectively, which should be ascribed to the partial side 
reaction and the possibility for trace residual Li+ inside the layers. Then the 
discharge capacity has become a little higher (5-10 mAh∙g−1), which is resulted 
from the activation for the electrode materials.  Moreover, after 1st cycle the charge 
and discharge curves change a bit. According to the mechanism of the 1st discharge 
process, it should be the phase conversion from MoS2(2H) to MoS2(1T), which is 
the main reason for the curve changes. 187 Figure 5.6a reveals the cycling 
performance of the H-MoS2. After 1st cycle, the specific charge/discharge 
capacities are around 190 mAh∙g−1. And then with gradual activation, the specific 
capacity keeps stable at 205 mAh∙g−1 and after 1400 cycles the capacity retention 
is 96% (compared to the capacity of the second cycle). The Coulombic efficiency 
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suffers a low value at 1st cycle (75%) and then gradually increases to near 100% 
and be stable for 1400 cycles.  
 
Figure 5.7 Rate performance of H-MoS2. 
Figure 5.7 shows the rate property of H-MoS2. The discharge capacities at 0.2, 1, 
2, and 3 A∙g−1 are 200, 115, 70, 50 mAh∙g−1, respectively. H-MoS2 displays high 
capacity at low current density, and considerable capacity at 1 A∙g−1. The H-MoS2 
battery can perform well recover capability for the high current density treatment. 
 
Figure 5.8 Galvanostatic charge and discharge curves of the full cell at the voltage 
range from 1.5−3.5 V (inset is the cycling performance). 
To further investigate the possibility of using as anode material, we have fabricated 
the full cell using LiCoO2 as cathode material and H-MoS2 as anode material. The 
electrochemical performances of the assembled full cell are estimated by the active 
mass of cathode material and are tested under 0.1C (14 mA∙g−1). The galvanostatic 
103 
 
charge and discharge curves are shown in Figure 5.8. The average charge platform 
is ~ 2.80 V and average discharge platform is ~2.35 V. The slope of discharge 
platform is convenient and accurate for the residual capacity indication. The cycling 
performance inserted in Figure 5.8 shows that the 1st discharge capacity is 120 
mAh∙g−1 with a coulombic efficiency of 82%. Then the Coulombic efficiency 
improves to near 99% along with the capacity loss from 120 to 90.5 mAh∙g−1.  
 
Figure 5.9 (a) The galvanostatic curves of graphite/LiCoO2 cell at 0.5 C. (b) 
Cycling performance of graphite/LiCoO2 cell at 0.5 C. 
Gaphite/LiCoO2 full cell is also performed. The charge and discharge platforms are 
at 4.0 and 3.6 V, respectively and the discharge capacity is 132 mAh∙g−1 (Figure 
5.9a). After 30th cycle, the capacity retention is 91.6% (Figure 5.9b). Thus, the 
performance of MoS2/LiCoO2 battery is comparable with that of commercial type 
graphite/LiCoO2 battery. Moreover, MoS2 possesses higher safety factor because 
of its high charge and discharge voltage region (Figure 5.1). The full cell 
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technology should be improved in further investigations such as to design high 
tapping density MoS2 with high electrochemical performances. However, this 
result shows the possibility for MoS2 using as anode material for LIBs. 
 
Figure 5.10 GITT curve of H-MoS2/Li battery cycling at (a) 1−3 V and (b) 0.1−3 
V. 
The kinetics of H-MoS2 and B-MoS2 have also been characterized using GITT 




Figure 5.11 The Lithium ion diffusion coefficient by GITT measurement: (a) first 
cycle and (b) 10th cycle. 
It is clear that after the first discharge process, the H-MoS2 battery cycling between 
0.1−3.0 V shows sluggish ion diffusion (the lithium diffusion coefficient decrease 
almost 1−2 order of magnitude) leading to the large voltage polarization. However 
the H-MoS2 battery cycling from 1.0 to 3.0 V possesses a fast lithium migration 
(~10−9 cm2∙s−1) ensuring the stable electrochemical performances mentioned above. 
The ester-based electrolyte (ethylene carbonate and diethyl carbonate) is used to 
investigate influence of the electrolyte. As shown in Figure 5.11a and 5.11b, the 
Li/H-MoS2 cell also performs well cycling stability. According to the above 





Figure 5.12 The electrochemical impedance spectroscopy measurement of H-
MoS2 at 1.0 V and B-MoS2 at 1.0 V cycling between 1.0−3.0 V and H-MoS2 at 0.1 
V cycling between 0.1−3.0 V. 
The electrochemical impedance spectroscopy (EIS) measurement of H-MoS2 at 
different voltage range was also characterized (Figure 5.12). Both EIS data in 
1.0−3.0 V and 0.1−3.0 V exhibit one circle at high frequency and a line at low 
frequency. Comparing the different voltage range, the charge transfer resistance of 
intercalation reaction is much smaller than that of conversion reaction. Moreover 
the H-MoS2 shows smaller charge transfer resistance than B-MoS2, resulting from 




Figure 5.13 TEM characterization of the electrode material (half cell) after cycling. 
(a) The TEM image, (b) HRTEM image, and (c) EDX of MoS2 electrode at 1.0 V 
after cycling between 1.0 V and 3.0 V for 100 times. (d) HRTEM image of MoS2 
electrode at 0.1 V after cycling at 0.1−3.0 V for 10 times. 
Figure 5.13 shows the further investigations on the electrode material after cycling. 
The transmission electron microscopy (TEM) and HRTEM images of MoS2 
electrode after cycling for 100 times are shown in Figure 5.13a and 5.13b. It is 
noticed that the graphite (conductive additive, KS-6) is served as the carrier for the 
MoS2 particles and as the conductive substrate between the collector and MoS2 
particles. We also find the MoS2 layers preserved after cycling, which means that 
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the conversion reaction does not happen when the terminal discharge voltage is set 
to 1.0 V. The energy dispersive X-ray spectroscopy (EDX) measurement is also 
employed to detect the elemental content of Mo and S (Figure 5.13c). The result 
shows that the atom ratio of Mo versus S is about 1:2. Figure 5.13d reveals the 
electrode material cycling for 10 times in the voltage range of 0.1−3.0 V. 
Apparently nano-sized Mo particles are detected and found to be a little aggregated, 
which would cause the separation for the Mo and Li2S leading to a severe capacity 
loss. 183  
The overall characterization and discussion connect together the proofs of the 
excellent electrochemical properties of H-MoS2 cycling in 1.0−3.0 V. The 
expanded layers provide better thermodynamic and kinetics, expressing as the 
higher discharge voltage and fast ionic conductivity. Eliminating the conversion 
reaction, the wholly preserved layer-structured MoS2 ensures the rechargeable 
ability for the MoS2/Li and LiCoO2/MoS2 batteries. The smaller charge transfer 
resistance reveals the improved kinetics leading to the smaller voltage polarization. 
5.4 Conclusion 
The as-prepared MoS2 were synthesized through the hydrothermal process. By 
cutting off the terminal discharge voltage to 1.0 V in ether-based electrolyte, H-
MoS2 exhibits a high discharge capacity of 200 mAh∙g
−1 at 0.2 A∙g−1 with a stable 
charge and discharge platform of ~1.8 V and ~1.6 V, respectively. Referring the 
cycling performance, it can cycle for 1400 times with almost no capacity fade. Thus, 
to control the terminal discharge voltage should be an effective way to improve 
conversion type materials with two key factors that own an intercalation process 
before the conversion reaction happens and easy-control voltage management. In 
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the meantime, higher terminated voltage at 1.0 V will scarify some capacity but can 
lead to high safety factor and long cycling life. More attentions should focus on the 
intercalation reaction so that MoS2 would finally find promising applications as the 





Chapter 6 Ultrathin 2D TiS2 Nanosheets for High Capacity 
and Long-Life Sodium Ion Batteries 
6.1 Introduction 
Rechargeable batteries based on lithium and sodium chemistry have an important 
significance for the alleviation of shortages of traditional fossil resources. By 
storing and using clean energy, greenhouse emissions and environmental pollution 
can be effectively reduced. In this regard, sodium ion batteries (SIBs) possess the 
merits of low cost and abundance.195, 196 The sluggish kinetics of sodium ion 
diffusion caused by the large sodium ionic radius, however, results in poor cycling 
stability, and low rate performance. Fully understanding the structural evolution 
during electrochemical reactions and achieving the corresponding improvements in 
the crystal structure and morphology design are urgently required to promote the 
development of SIBs.197 
Recent research progress has involved a considerable emphasis on constructing 
nanostructures with high surface area to take advantages of impressive 
nanochemistry, including ultrathin layered materials. The discovery of graphene 
has a spillover effect, leading to unprecedented research on single-layer and few-
layer two-dimensional (2D) materials.198 The ever-growing family of 2D crystals 
offers versatile benefits owing to their unique physical and chemical properties in 
terms of diversity of applications, such as rechargeable batteries, catalysts, 
membranes, conductive or inert coatings, etc.199-201 2D materials in particular have 
been treated as a robust host for sodium storage.202 By downsizing from the bulk to 
a few atomic layers, both physical and chemical properties have shown outstanding 
improvements.203-205 Different methods, including chemical vapor deposition 
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(CVD) growth,206 chemical assisted exfoliation,207-209 and direct exfoliation,210 
have shown their application in preparation of few-layer 2D materials. Among them, 
shear exfoliation is driven by the high shear rate generated by a high-speed 
rotator,211 and can even be achieved by using a kitchen blender.212 This facile and 
low-cost method is easy to use for scaling up in industrial production line. 
Transition metal dichalcogenides have been widely investigated in battery 
systems, due to their tunable interlayer space, fast ion transportation, and robust 
kinetics.213 Among them, TiS2 is a promising electrode material due to its low cost, 
facile synthesis, and high specific discharge capacity of 479 mAh∙g−1 (calculated 
based on the two-electron reaction, 1C= 479 mA∙g−1).17 Recently, TiS2 has been 
reported as good electrode materials for lithium ion batteries,214 potassium ion 
batteries,215, 216 magnesium ion batteries,217, 218 and calcium ion batteries.218 The 
ever-growing interests for TiS2 in energy storage and conversion system also 
promotes the research in SIBs. Ryu et al. used TiS2 powder purchased from Sigma-
Aldrich as the electrode material for SIBs.29 The discharge capacity decreased 
rapidly from 210 to 140 mAh∙g−1 within 40 cycles, proving the existence of NaxTiS2 
during cycling. Lee et al. synthesized NaxTiS2 through a solid-state reaction. The 
discharge capacities at the 1st and 40th cycles were 155 and 140 mAh∙g−1, 
respectively.30 Liu et al. synthesized TiS2 nanoplates through an oleylamine-
assisted solution method.31 The nanostructure showed a high initial capacity of 187 
mAh·g−1. After 300 cycles, however, the capacity dropped to 142 mAh·g−1 with a 
corresponding capacity retention of 76%. It should be noted that the cycling 
performance needs to be significantly improved for this material to be used 
commercially, and the phase changes during the electrochemical reactions need to 
be further clarified.  
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Recently, thin layer TiS2 has been successfully synthesized by using oleylamine-
assisted solution method chemical exfoliation method.214, 219 By tuning the 
morphology design and cost, herein, we synthesized TiS2 microplates (MP-TiS2) 
through a high temperature solid state method, and ultrathin TiS2 nanosheets (NS-
TiS2) were subsequently obtained from shearing-exfoliation of microplates. The as-
prepared NS-TiS2 displayed high specific capacity of 220 mAh∙g
−1 at 0.2 A∙g−1 (2nd 
cycle). Surprisingly, the capacity after 200 cycles increased to 386 mAh∙g−1. MP-
TiS2, however, suffered from a continuous capacity fade from 186 mAh∙g
−1 (2nd 
cycle) to 128 mAh∙g−1 (250th) at 0.2 A∙g−1. In-situ synchrotron X-ray diffraction 
and ex-situ transmission electron microscopy (TEM) were used to investigate the 
distinct behavior caused by the morphology evolution. The results demonstrate the 
potential of the ultrathin TiS2 nanosheets to be used in practical applications. 
6.2 Experimental section 
6.2.1 Materials synthesis 
The TiS2 microplates were synthesized through a solid-state reaction. 0.8572 g 
titanium and 1.1428 g sulfur were ground in a mortar. After homogeneously mixed, 
the powders were pressed into a plate under 30 MPa and sealed in a vacuum vessel. 
After being calcined at 700°C for 15 hours, the as-prepared gold-bronze powders 
were washed with ethanol and then dried in a vacuum oven at 60°C overnight. NS-
TiS2 was obtained by using a Silverson model L5M mixer. Typically, the rotor with 
its head and screen was put into a beaker containing a 10 g·L−1 suspension. The 
rotation was conducted at 5000 rpm for 15 min. The suspension was kept in an ice 
bath throughout to keep the temperature from rising. The suspension was filtered 
and thoroughly washed with ethanol, and the as-prepared powder was dried in a 
113 
 
vacuum oven at 50°C overnight. The dried powder is kept in an Argon filled 
glovebox. 
6.2.2 Materials characterization 
The crystal structure was investigated by X-ray diffraction (XRD, GBC MMA, Cu 
Kα radiation). The morphology and microstructure were examined by field 
emission scanning electron microscopy (FESEM, JEOL JSM-7500) and high-
resolution transmission electron microscopy (HRTEM, JEOL 2010). In-situ 
synchrotron powder diffraction data were collected at the Australian Synchrotron 
with a wavelength (λ) of 0.6888 Å, using the NIST LaB6 660b standard reference 
material. The cell for in-situ test was cycled at 100 mA·g−1 in the voltage range 
between 1.0 V and 3.0 V (vs. Na+/Na). X-ray photoelectron spectroscopy (XPS) 
was tested by SPECS PHOIBOS 100 Analyzer installed in a highvacuum chamber 
with the base pressure below 10-8 mbar, and X-ray excitation was generated by Al 
Kα radiation with photon energy hν = 1486.6 eV at the high voltage of 12 kV and 
power of 120 W. Raman spectroscopy was collected on a confocal Raman 
microscope (DXR, Thermo-Fisher Scientic) with an Ar-ion laser (λ = 532 nm) in 
ambient air. 
6.2.3 Electrochemical characterization 
Electrochemical testing was conducted on CR2032 coin cells. The TiS2 working 
electrode was fabricated by mixing TiS2, Super P, polyvinylidene fluoride in a 
weight ratio of 8:1:1 using N-Methyl pyrrolidone as solvent. The mixed slurry was 
then pasted onto the copper current collector and dried at 110°C for 12 hours in 
vacuum. Mass loading of the electrode materials is 2.5 mg·cm−2. Sodium was cut 
into thin plates as both the anode and reference electrode. Glass fiber filter paper 
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was used as the separator. 1 M NaClO4 in tetraethylene glycol dimethyl ether 
(TEGDME) and 1 M NaClO4 in ethylene carbonate/ diethyl carbonate (v:v; 1:1, 
EC-DEC) were used as the electrolytes. The coin cells were assembled in an argon-
filled glove box. Galvanostatic curves were collected on a Land battery test system. 
Electrochemical impedance spectroscopy (EIS) was conducted on a Parstat 2273 
electrochemical workstation (AMETEK). The ac perturbation signal for the EIS 
testing was ±10 mV, and the frequency ranged from 100 mHz to 100 kHz. 
6.3 Results and discussion 
 
Figure 6.1 (a) Silverson L5M mixer (head and rotor immersed in the TiS2/ethanol 
suspension). The obtained suspensions of TiS2 nanosheets in distilled water and 
ethanol (b) immediately after exfoliation and (c) one month after exfoliation.  
115 
 
Silverson model L5M shear-mixer was used to exfoliate MP-TiS2 into NS-TiS2 
(Figure 6.1a). Distilled water and ethanol were used as the solvent. Illustrations of 
NS-TiS2 dispersion in distilled water and ethanol for both as prepared and after one 
month are shown in Figure 6.1b and 6.1c, respectively. After aging for one month, 
NS-TiS2 in distilled water were hydrolysed to white floccules, but those in ethanol 
were much more stable. Therefore, distilled water is not suitable to serve as solvent 
to prepare NS-TiS2. 
 
Figure 6.2 (a) X-ray diffraction patterns of MP-TiS2 and NS-TiS2.  
The X-ray diffraction (XRD) patterns of the as-prepared NS-TiS2 (ethanol as 
solvent) and MP-TiS2 are shown in Figure 6.2. Two reflections at 15.6° and 34.3° 
are indexed to the (001) and (101) crystal planes of TiS2. In addition, NS-TiS2 
possesses a higher reflection intensity ratio of (001) to (101), indicating the 




Figure 6.3 Raman spectra of NS-TiS2 and MP-TiS2. 
Figure 6.3 shows the Raman spectroscopy. Both the NS-TiS2 and MP-TiS2 show 
the typical TiS2 characteristic peaks at 230 cm
−1 and 333 cm−1, and a shoulder peak 
at 380 cm−1, which proves that the basic vibration mode has been maintained after 
exfoliation. 
 
Figure 6.4 SEM images at different magnification of the as-prepared MP-TiS2. 
The scanning electron microscope (SEM) images show the polygonal morphology 
of MP-TiS2 with a thickness of ~1 μm (Figure 6.4a), which is constructed from 




Figure 6.5 TEM images of (a) NS-TiS2 and (b) MP-TiS2. 
From the high resolution TEM (HRTEM) images in Figure 6.5a and 6.5b, NS-TiS2 
is more transparent than MP-TiS2.  
 
Figure 6.6 Atomic force microscope image of NS-TiS2. 
The morphology of NS-TiS2 obtained by atomic force microscopy (AFM, Figure 
6.6) demonstrates the successful achievement of TiS2 nanosheets with 3 layers after 




Figure 6.7 X-ray photoelectron spectroscopy of MP-TiS2 and NS-TiS2. (a) Ti 2p 
and (b) S 2p core level peak regions for MP-TiS2. (c) Ti 2p and (b) S 2p core level 
peak regions for NS-TiS2.  
X-ray photoelectron spectroscopy (XPS) has been used to investigate the chemical 
information of NS-TiS2 and MP-TiS2. The XPS results are summarized in Figure 
6.7. Quadruple peaks of Ti 2p spectra at 459.4 eV (Ti4+ 2p3/2), 465.0 eV (Ti
4+ 2p1/2), 
456.6 eV (Ti3+ 2p3/2), and 462.8 eV (Ti
4+ 2p1/2) are unveiled with different 
intensities, which demonstrates the different concentration of Ti4+ and Ti3+ in NS-
TiS2 and MP-TiS2. The higher Ti
3+ concentration in NS-TiS2 indicates that defects 
are generated on the surface during high energy shearing-exfoliating process, which 
is also an auxiliary evidence that the as-prepared NS-TiS2 are much more air-
sensitive and water-sensitive compared to MP-TiS2. XPS results of S 2p of NS-TiS2 
and MP-TiS2 also show the typical S
2− 2p3/2 and S
2− 2p1/2 peaks at 160.2 eV and 
162.0 eV, respectively. And after exfoliation, the S element maintained same in the 
TiS2 crystal structure. 
 
Figure 6.8 (a) Cycling performances of NS-TiS2 and MP-TiS2 with TEGDME and 
EC-DEC electrolytes at 200 mA·g−1. 
Electrolyte selection was conducted due to the poor cycling performance by using 
1 M NaClO4 in ethylene carbonate/diethyl carbonate (1:1, v: v; EC-DEC) as 
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electrolyte (Figure 6.8). After 50 cycles, the capacities of both NS-TiS2 and MP-
TiS2 are close to 10 mAh·g
−1 when using EC-DEC based electrolyte. According to 
previous reports, carbonate-ester based electrolytes have side reactions leading to 
large irreversible capacity. Due to the ultrathin layer structure, NS-TiS2 suffers 
rapid capacity fade than MP-TiS2. On the other hand, ether-based electrolyte (1 M 
NaClO4 in tetraethylene glycol dimethyl ether (TEGDME)) obviously outperforms 
EC-DEC based electrolyte. Therefore the TEGDME electrolyte was chosen for 
following measurements. Surprisingly, the capacities of NS-TiS2 gradually increase 
from 220 mAh·g−1 (2nd cycle) to 386 mAh·g−1 (200th cycle). After 200 cycles, the 
capacity tends to be stable. On the contrary, the capacities of MP-TiS2 show an 
obvious drop from 186 mAh·g−1 (2nd cycle) to 128 mAh·g−1 (200th cycle). The 
Coulombic efficiency (CE) of NS-TiS2 is lower in the first few cycles than that of 
MP-TiS2, due to the formation of solid electrolyte interface (SEI) film. The CE of 
NS-TiS2 is close to 100% in the following cycles. MP-TiS2 has less SEI formation 
during the first few cycles, and the CE is close to 99.5% in the following cycles. 
 
Figure 6.9 Rate performances of NS-TiS2 and MP-TiS2 with TEGDME electrolyte.  
The rate performances of both materials are summarized in Figure 6.9. NS-TiS2 
provide capacities of 380, 275, 225, and 170 mAh·g−1, while, MP-TiS2 only deliver 




Figure 6.10 Galvanostatic curves of (a) NS-TiS2 and (b) MP-TiS2. 
 
Figure 6.11 Demonstration with the corresponding differential capacity analysis of 
(a) NS-TiS2 and (b) MP-TiS2. 
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The galvanostatic curves of NS-TiS2 and MP-TiS2 are shown in Figure 6.10a and 
Figure 6.10b. Corresponding differential capacity analysis data at the 2nd and 50th 
cycles are presented in Figure 6.11a and Figure 6.11b. Three platforms at 1.97, 2.12, 
and 2.17 V can be assigned to the intercalation of Na+ ions into TiS2 layers and the 
formation of high stage sodium intercalated TiS2 hybrids or superstructures (stage-
n NaxTiS2 (n > 1)). And capacity contribution around 1.5 V can be ascribed to the 
formation of stage-1 NaxTiS2 product. During the 2
nd discharge process, NS-TiS2 
has shown less capacities derived from stage-n NaxTiS2 (n>1) compared to MP-
TiS2, which also proves the unique ultrathin layer structure of NS-TiS2. After 50 
cycles, MP-TiS2 exhibit shorter platform at around 2.0 V, indicating the decreased 
layer number of MP-TiS2. Both materials present increased capacity contribution 
of stage-1 NaxTiS2 at the 50th cycle. The increasing capacity means that the 
improved capability of the as-prepared TiS2 materials for sodium storage due to the 
activation of TiS2 interlayers by continuous sodium ion intercalation and de-
intercalation. 
 
Figure 6.12 (a) In-situ XRD and (b) galvanostatic curves at first discharge and 
charge process. (c) 2D image plots of diffraction patterns of (001) and (−120). 
To further investigate the mechanism, the in-situ XRD with corresponding 
galvanostatic curves are summarized in Figure 6.12a and Figure 6.12b. Several 
plateaus are found in the charge and the discharge curves for the 1st cycles. The 
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different values of sodium ion intercalation and different sodium storage sites 
(octahedral and trigonal prismatic) cause changes in the TiS2 crystal structure, and 
the disordered stacking sequence of NaxTiS2. The overall reaction mechanisms 
include both solid-solution reaction and phase change. Similar mechanism of 
transition metal disulfides has been reported. The solid-solution reaction exists all 
the time accompanied with the phase change which is marked semitransparent 
olivine rectangle in Figure 6.12a. Peaks between 12.5° and 14.5° can be assigned 
to the expanded (001) crystal plane. During discharging, the interlayers distance 
first increases and then decreases via phase change as demonstrated in the peak 
change of (001) and c parameters in Figure 6.12c and Figure 6.13.  
 
Figure 6.13 Cell parameters and volume during cycling with corresponding 
galvanostatic curves. 
Abnormal phenomenon of decreased c lattice parameter during discharge, however, 
reveals the change of coordination between S2− and positive ions (Na+ and Ti4+). 
The sodium and titanium both have trigonal prismatic (TP) coordination at initial, 
and then transfer to octahedral and trigonal antiprismatic (TAP) coordination, 
respectively, accompanied with the contraction along c axis. During charging this 
123 
 
process can be reversed and the final c parameter is the same as that of TiS2. As to 
the parameter a and b, according to the in-situ XRD data, we calculate them by 
using GSAS II software and details are shown in Figure 13. In summary, the cell 
parameters enlarge when discharging and reverse to that of TiS2 when fully charged, 
which leads to the volume change between 57.3 Å3 and 71.7 Å3 (25% volume 
change). Meanwhile the characteristic peaks become broad in the fully charged 
state because of the sodium ion intercalation and de-intercalation. 
 
Figure 6.14 (a) HRTEM image and (b) Corresponding inverse fast Fourier 
transform (FFT) image of areas in red circles in Figure 6.13.  
The HRTEM image in Figure 6.14a and the simulation of crystal lattice in Figure 
6.14b record the layer-stacking faults of NaxTiS2. The material was collected after 
the initial discharge process and charging to 2.0 V. When Na+ ions are extracted 
from the crystal structure, it leads to an irregular arrangement of TiS2 layers and 
motivates shifts of the Ti or S atoms, which could easily introduce stacking faults 
that promote the expansion or exfoliation of the interlayers. From the above, it is 




Figure 6.15 Ex-situ TEM images of electrode materials in (a) NS-TiS2 and (b) MP-
TiS2 batteries at the 50
th cycle. The inset in (b) shows higher magnification. 
NS-TiS2 and MP-TiS2 electrodes were characterized by TEM after cycling 50 times 
(Figure 6.15). The morphology of TiS2 nanosheets is well preserved, whereas the 
TiS2 microplates pulverize into nanoparticles, which proves the galvanostatic curve 
changes for MP-TiS2 in Figure 6.10.  
 
Figure 6.16 The separator of NS-TiS2 and MP-TiS2 batteries after 50 cycles. 
The separators in MP-TiS2/Na battery and NS-TiS2/Na battery after cycling are 
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illustrated in Figure 6.16. “Shuttle effects” have been found in MP-TiS2/Na battery. 
The active materials migrate through the separator and reach the anode side. 
Combined with the TEM results, it is expected that MP-TiS2 suffers from capacity 
loss. On the contrary, the ultrathin 2D morphology of NS-TiS2 can effectively 
buffer the volume change during sodiation and de-sodiation processes, which 
guarantees the long cycling performance. 
 
Figure 6.17 (a) Galvanostatic intermittent titration technique curves at the first 
cycle. (b) DNa+ at different charge and discharge states. 
Furthermore, we investigated the Na+ ions diffusion coefficient (DNa+) by the 
galvanostatic intermittent titration technique (GITT) method (Figure 6.17). The 
Na+ ion diffusion coefficient was determined to be ~10−9 cm2∙s−1. The sluggish 
sodium diffusion occurs at the beginning of sodium intercalation because of the 
inhibition of van der Waals forces between the adjacent interlayers, and at the phase 
transformation from TP to TAP owing to the suddenly decreased interlayer distance. 
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Moreover, TiS2 and the NaxTiS2 intermediates have better electronic conductivity 
than other types of electrode materials, such as sodium transition metal oxides, 
sulfur, phosphorus, and olivine-type materials. 
 
Figure 6.18 Dispersion of energy bands of TiS2 and NaxTiS2 intermediates. 
Density functional theory (DFT) was further used to investigate the key issues 
relating to the dispersion of the energy bands of TiS2 and Na-TiS2 intermediates, 
and the calculations were performed using the ab-initio total-energy and molecular-
dynamics program VASP. As shown in Figure 6.18, after Na+ ions were inserted, 
the band structure of the TiS2 host changes into a zero-gap band structure indicating 
a metallic-type conductive property of NaxTiS2. Moreover, in the FZ region, the 
conduction bands can be divided into two groups above the Fermi energy, and the 
gap between the two groups decreases with increasing Na+ ion concentration, 




Figure 6.19 EIS data of NS-TiS2 at (a) the first cycle and (b) the 50th cycle. EIS 
data of MP-TiS2 at (c) the first cycle and (d) the 50th cycle. The semicircle at high 
frequency represents the charge transfer resistance (Rct). 
Electrochemical impedance spectra (EIS) of the 1st and 50th cycles are displayed in 
Figure 6.19. The resultant charge transfer resistance (Rct) of MP-TiS2 significantly 
increased after pulverization. After the first few cycles, Rct of NS-TiS2 slightly 
decreases, which indicates the activation of the electrodes and the well-maintained 
electrode status. 
6.4 Conclusion 
In summary, we have developed a facile and low-cost method to synthesize 
ultrathin TiS2 nanosheets by using a shear-mixing machine. The resultant NS-TiS2 
delivered a discharge capacity of 220 mAh∙g−1 at the 2nd cycle and 386 mAh∙g−1 at 
the 200th cycle. Investigation of the mechanism, morphology changes, and kinetics 
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to explain the outstanding cycling performance of the Na/TiS2 super-battery was 
performed. The collaborative effects of the stable intercalation mechanism and the 
advantageous intrinsic physical properties of NS-TiS2 are responsible for the long 
life and high rate capabilities. The selected preparation strategy is simple and cheap, 




Chapter 7 Self-Templating Synthesis of Double-Shell Cu3P 
Hollow Nanoboxes as a High-Performance Anode Material 
for Sodium Ion Batteries  
7.1 Introduction 
Advanced nanoscience and nanotechnology have promoted the development of 
materials engineering to new high levels over the past few decades.220 By 
downsizing bulk materials to the nanoscale, the materials can maintain their 
chemical composition and deliver particular physical and chemical properties such 
as surface effects, quantum effects, quantum tunneling effects, etc.221 The 
nanotechnology that is based on hollow structure design magnifies these universal 
advantages, and has led to popular research topics on catalysts, energy storage, 
sensors, drug delivery systems, and nanoart.222 Classic hollow structures such as 
carbon nanotubes and fullerenes have spillover effects on a series of nanomaterial 
structure, such as single or multi-shell hollow nanostructures, core-shell 
nanostructures, and yolk-shell structures.223-225 Recently, hollow nanomaterials 
have been widely used in sodium ion batteries, because of their capability to 
accommodate large volume changes, introduce more active reaction sites, and 
shorten the migration paths of both e− and Na+ ions.226-228 Typical synthetic routes 
to hollow nanostructures are based on different principles, such as the self-
templating process,229, 230 the Kirkendall effect,231 Ostwald ripening,232, 233 galvanic 
replacement,234, 235 chemical etching,236-238 etc. Considering the practical 
applications, facile synthetic routes and large-scale production are in particular 
demand, which is an important issue to be addressed in the near future.239 
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The metal phosphide family recently has attracted intensive attentions for sodium 
ion batteries, because of the cheap raw materials, low charge platforms, and high 
specific capacity.240-242 Among them, copper phosphide is an ideal candidate as an 
anode material for sodium ion batteries, due to the abundance of copper resources. 
The volume change and low crystallinity of active materials after sodiation, 
however, may cause pulverization of the electrode and slow the ionic and electronic 
conductivity. The optimization of copper phosphide can be classified into two 
major strategies: carbon modification and morphology design.130-132 Carbon 
coating is an effective way to enhance the cycling performance and provide high 
electronic conductivity. The compromise on low capacity which is caused by the 
carbon materials, however, is not ideal. On the other hand, morphology design is 
able to obtain high performance electrode materials with durable lifetime and high 
rate property. The self-templating method is an easy and facile way to obtain unique 
morphologies such as hollow structures and has potential for scaling up.243 Herein, 
we have synthesized ultrathin double-shell Cu3P hollow nanoboxes (DS-Cu3P) via 
chemical etching and the self-templating strategy (Scheme 1). The as-prepared DS-
Cu3P exhibited outstanding rate and cycling performances as an anode material for 
sodium ion batteries. 
7.2 Experimental section 
7.2.1 Materials synthesis 
Synthesis of Cu2O nanocubes: 5 mmol of CuSO4·5H2O was first dissolved into 100 
mL of distilled water at 50 °C. Then, 20 mmol of NaOH was added. After 
continuously stirring for 20 min, 0.3 M glucose solution was poured into the above 
suspension with vigorous stirring continued for two hours. Then, the brick red 
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product was centrifuged and washed with distilled water and ethanol three times. 
The obtained powder was dried in a vacuum oven at 60 °C overnight. 
Synthesis of Cu2O@CuO hybrid nanocubes: 100 mg of obtained Cu2O nanocubes 
was dissolved into 100 mL of distilled water with vigorous stirring. Then, the 
suspension was maintained at 70 °C for 2 h. The obtained brown product was 
centrifuged and washed with distilled water and ethanol three times. Then, the as-
prepared powder was dried in a vacuum oven at 60 °C overnight. 
Synthesis of CuO hollow nanoboxes: 70 mg of as-prepared Cu2O@CuO nanocubes 
was dissolved in a mixture of 50 mL distilled water and 70 mL ethanol. Then, 3.3 
g of polyvinylpyrrolidone (MW = 40000) was added into above suspension. After 
vigorously stirring for 0.5 h, 40 mL of 0.3 M Na2S2O3 solution was added. After 
the brown product turned black, the suspension was centrifuged and washed with 
distilled water and ethanol three times. The as-prepared powder was dried in a 
vacuum oven at 60 °C overnight. 
Synthesis of DS-Cu3P: The as-prepared CuO nanoboxes and NaH2PO2 in a mass 
ratio of 1:5 were placed in separate crucibles. Then, the crucibles with CuO and 
NaH2PO2 were placed in the downstream and upstream areas in an argon filled tube 
furnace, respectively. The distance between the two temperature regions was 15 cm. 
Then, CuO was annealed at 250 °C for 2 h with a heating rate of 2 °C min−1. 
NaH2PO2·H2O was annealed at 300 °C for 2 h with a heating rate of 2.5 °C min
−1. 
Then, the grey DS-Cu3P powders were obtained after naturally cooling down to 
room temperature. 
Synthesis of SS-Cu3P and B-Cu3P: The as-prepared Cu2O and NaH2PO2·H2O with 
a mass ratio of 1:5 were put in two separate crucibles, which were placed at the 
downstream and upstream areas in an argon filled tube furnace, respectively. The 
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distance between the two temperature regions was 15 cm. Then, the Cu2O was 
annealed at 150 °C for 1 h with a heating rate of 2 °C min−1. The NaH2PO2 was 
annealed at 300 °C for 1 h with a heating rate of 4 °C min−1. Then, the grey SS-
Cu3P powders were obtained after naturally cooling down to room temperature. B-
Cu3P was synthesized through the same method as SS-Cu3P, except that the 
annealing temperature for Cu2O was 250 °C and the annealing time was 4 h. 
7.2.2 Material characterization 
The structure and morphology of as-prepared samples were characterized by X-ray 
diffraction (XRD, GBC MMA, Cu Kα radiation), field-emission scanning electron 
microscopy (FESEM, JEOL JSM-7500FA), and transmission electron microscopy 
(TEM, JEOL 2010). High-angle annular dark field (HAADF) images and elemental 
maps were acquired with scanning transmission electron microscope (STEM, JEM-
ARM200F) equipped with energy-dispersive X-ray microscopy. The surface 
information on Cu3P and the copper oxide intermediates was obtained by a Phoibos 
100 Analyzer X-ray photoelectron spectrometer (XPS) with Al Kα X-rays (SPECS, 
Germany). In-situ synchrotron diffraction data were collected at the Australian 
Synchrotron with a wavelength (λ) of 0.6887 Å, using the NIST LaB6 660b standard 
reference material. 
7.2.3 Electrochemical characterization 
Electrochemical performances were investigated using CR2032 type coin cells. The 
working electrode was prepared from a mixture of active materials, Super P, and 
sodium carboxymethylcellulose in a mass ratio of 8:1:1. The mixture was dissolved 
in distilled water and pasted onto the copper current collector. Then the electrode 
was dried at 80 °C. The mass loading was about 1 mg·cm−2. The coin cell assembly 
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took place in an argon filled glovebox. Sodium plate was fabricated as the counter 
electrode and reference electrode. Glass fiber filter paper was used as the separator. 
The electrolyte was 1 M NaClO4 in a mixture of ethylene carbonate and propylene 
carbonate (volume ratio of 1:1) with 3% fluoroethylene carbonate (by volume) as 
additive. The galvanostatic curves and cycling performances were collected with a 
LAND battery testing system. Electrochemical impedance spectroscopy (EIS) was 
conducted on a Parstat 2273 electrochemical workstation (AMETEK). The ac 
perturbation signal was ±10 mV, and the frequency ranged from 100 mHz to 100 
kHz. The cyclic voltammetry curves were acquired on a Solartron electrochemical 
workstation with a scanning rate of 0.1 mV·s−1. 
7.3 Results and discussion 
 
Figure 7.1 Schematic illustration of the synthesis of double-shelled DS-Cu3P 




Figure 7.2 SEM image of Cu2O nanocubes. 
A scanning electron microscope (SEM) image of Cu2O nanocubes is shown in 
Figure 7.2.  
 
Figure 7.3 SEM images of a) Cu2O, b) Cu2O@CuO, c) CuO, and d) DS-Cu3P. The 




Figure 7.4 TEM images of e) Cu2O, f) Cu2O@CuO, g) CuO, and h) DS-Cu3P. The 
scale bars shown in Figure 7.4 corresponds to 200 nm. 
The morphological evolution from Cu2O nanocubes to DS-Cu3P is shown in Figure 
7.3  and Figure 7.4, and illustrated by Route 1 in Figure 7.1. The Cu2O nanocubes 
were completely solid and the surface was smooth. The hot water (70°C) provided 
a wet environment, and the soluble oxygen in the hot water gradually oxidized the 
Cu2O surface and facilitated the growth of thin CuO nanoplates. The Cu2O core 
shrank, and voids were found in the inner corners of the nanocubes. After the hybrid 
copper oxides were treated with Na2S2O3, the inner Cu2O was etched, and CuO 
hollow nanoboxes were obtained. Finally, the DS-Cu3P inherited the nanobox 
morphology during the phosphidation process. The PH3 which was generated from 
sodium hypophosphite reacted with CuO on both the inner and outer surfaces of 
CuO nanoboxes. Therefore the voids between two shells were generated from mass 
transfer of high energy CuO crystals to the near surface region (inner surface and 
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outter surface).244  Single-shell Cu3P hollow nanoboxes (SS-Cu3P) were syntheiszed 
through Route 2 as comparison. The formation of SS-Cu3P also took place due to 
the surface phosphidation at high temperature and the mass transfer of high energy 
Cu2O crystals from inside the cubes to the near surface region, as illustrated in 
Figure7.4, leading to an increased size and joints between adjacent Cu3P nanoboxes. 
 
Figure 7.5 SEM images of (a) DS-Cu3P and (b) SS-Cu3P in low magnification. 
The SEM images in low magnification of DS-Cu3P and SS-Cu3P are shown in 
Figure 7.5a and 7.5b. The average size of DS-Cu3P (0.6 μm) was about 300 nm 
smaller than that of SS-Cu3P. DS-Cu3P had more porous structure on the surface. 
The ultrathin double shells were composed of flexible nanoplates, and voids were 
found between two adjacent shells. SS-Cu3P had a much smoother surface and a 




Figure 7.6 High-angle annular dark field (HAADF)-STEM images of (a) DS-Cu3P 
and (b) SS-Cu3P with linear elemental dispersion along the indicated arrows and 
elemental maps of (c, d) copper and (e, f) phosphorus. The scale bar in Figure 7.6a-
7.6f corresponds to 200 nm. 
From the scanning transmission electron microscopy (STEM) images shown in 
Figure 7.6a and 7.6b, the shell thickness of DS-Cu3P and SS-Cu3P was ~15 nm and 
~150 nm, respectively. Both the linear elemental dispersion and the elemental maps 




Figure 7.7 SEM images of Cu3P treated at (a) 200°C for 1 h, (b) 250°C for 1 h, and 
(c) 250°C for 4 h. 
Figure 7.7 depicts the morphologies of Cu3P arising from from solid Cu2O 
nanocubes with different annealing temperatures and time treatments. As the 
annealing temperature and time increased, the hollow cubic morphology changed 





Figure 7.8 XRD patterns of (a) DS-Cu3P, SS-Cu3P, and B-Cu3P, and (b) copper 
oxide intermediates. 
The X-ray diffraction (XRD) patterns of DS-Cu3P, SS-Cu3P, B-Cu3P, and copper 
oxide intermediates are presented in Figure 7.8. All the products can be indexed to 
the corresponding pure phase or hybrid phase (Cu2O@CuO). DS-Cu3P and SS-
Cu3P presented broadened characteristic peaks, which was ascribed to the 




Figure 7.9 The Cu 2p X-ray photoelectron spectroscopy of (a) DS-Cu3P, (b) SS-
Cu3P, and (c) B-Cu3P. 
 
Figure 7.10 The P 2p X-ray photoelectron spectroscopy of (a) DS-Cu3P, (b) SS-
Cu3P, and (c) B-Cu3P. 
The Cu 2p spectra (Figure 7.9) and the P 2p spectra (Figure 7.10) of the as-prepared 
Cu3P samples were collected by X-ray photoelectron spectroscopy (XPS). All the 
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Cu3P products possessed the typical Cu
δ+ 2p peaks at 933.5 eV (Cuδ+ 2p3/2) and 954 
eV (Cuδ+ 2p1/2), with the P
δ− peak at 129 eV and the P-O peak at 133.5 eV. The P-
O detected from Cu3P samples can be assigned to the superficial oxidation.  
 
Figure 7.11 The Cu 2p X-ray photoelectron spectroscopy of (a) Cu2O, (b) 
Cu2O@CuO, and (c) CuO. 
Figure 7.11 shows the typical Cu 2p spectra of Cu2O, Cu2O@CuO, and CuO, which 
can confirm the evolution of the surface composition in route 2. Cu2+ 2p peaks were 
found on the Cu2O surface, indicating the air sensitivity of as-prepared Cu2O 
nanocubes. the unoxidized Cu2O residual on the surface of hybrid copper oxides 




Figure 7.12 Galvanostatic curves at the 1st and 2nd cycles of (a) DS-Cu3P, (b) SS-
Cu3P, and (c) B-Cu3P.  
The electrochemical performances of the as-prepared Cu3P products have been 
evaluated. Galvanostatic curves of the 1st and 2nd cycles at 50 mA·g−1 of DS-Cu3P, 
SS-Cu3P, and B-Cu3P are shown in Figure 7.12a-7.12c, all with average discharge 
and charge platforms at ~0.2 V and ~0.9 V, respectively. The initial discharge 
capacities were 428, 390, and 320 mAh·g−1 with Coulombic efficiency of 74.7%, 
70%, and 66.8% for DS-Cu3P, SS-Cu3P, and B-Cu3P, respectively. The irreversible 
capacities were mainly attributed to the solid-electrolyte interphase (SEI) film, 




Figure 7.13 Rate performances of DS-Cu3P, SS-Cu3P, and B-Cu3P. 
The rate performance is summarized in Figure 7.13. The capacities at 50, 100, 200, 
500, and 1000 mA·g−1 were 334, 287, 253, 219, and 189 mA·g−1 for DS-Cu3P, and 
273,  218, 168, 122, and 82 mAh·g−1 for SS-Cu3P, and 239, 170, 127, 76, and 22 
mA·g−1 for B-Cu3P, respectively. DS-Cu3P exhibited the best rate performance. SS-
Cu3P had nearly the same capacities at low current rates, but lower capacities at 
high current rates than those of DS-Cu3P. 
 
Figure 7.14 Cycling performance of DS-Cu3P, SS-Cu3P, and B-Cu3P. 
During the long-term cycling performance test after rate testing, the DS-Cu3P 
showed outstanding stability (Figure 7.14). The capacities of SS-Cu3P and B-Cu3P 
continuouly dropped. The capacity retention at the 120th cycle was 98.9%, 56.0%, 




Figure 7.15 CV curves of (a) DS-Cu3P, (b) SS-Cu3P, and (c) B-Cu3P. 
The cyclic voltammetry (CV) curves presented an irreversible reduction peak at 
~1.0 V, which was in accordance with the galvanostatic curves. Two pairs of 
reversible oxidation (0.88 V and 0.93 V) and reduction peaks (~0.07 V and ~0.21 
V) were found in the 4th cycle CV curves (Figure 7.10).  
 
Figure 7.16 In-situ synchrotron XRD characterization. (a) XRD patterns with 
corresponding (b) galvanostatic curves. (c, d) Simulated 2D colour maps of in-situ 
XRD data in selected 2θ ranges. 
In-situ synchrotron X-ray diffraction results are shown in Figure 7.16a to enable 
further investigation of the phase conversion during the initial charge-discharge 
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process. The corresponding discharge and charge curves are shown in Figure 7.16b. 
The simulated two-dimensional (2D) color maps of the in-situ XRD results (Figure 
7.16c and 7.16d) clearly exhibit the changes in the characteristic XRD peaks of 
Cu3P, (112), (300), and (113) at 36.0°, 45.1°, and 46.1°, respectively, and 
generation of the Cu (111) peak at ~43.3°. From the beginning of the discharge 
process, those three characteristic peaks of Cu3P showed no shift until the voltage 
was below 0.9 V. This process corresponds to the formation of the SEI film in the 
first cycle, which can be confirmed by the irreversible reduction peak at ~1.0 V in 
the CV data. Then, the XRD peaks shifted to lower angles below 0.9 V, which was 
derived from the exchange of Cu and Na ions (Equation 1). The NaxCu3-xP3 frame 
then vanished at ~0.15 V, owing to continuous volume expansion. The maximum 
x value is around 1.8. During the discharge process, the Cu (111) peak appeared, 
and became stronger and even broader afterwards. No Na3P was detected from the 
in-situ synchrotron XRD data, which may be caused by its low crystallinity and 
very small particle size. Throughout the charge process, the peak from Cu gradually 
weakened, and finally, the broadened peak corresponding to Cu3P (300) was 
regenerated. Although the reversible nature of the reaction has been proved by in-
situ synchrotron XRD, the low crystallinity of the final charge product and the large 
volume change leads to unstable cycling performance in the first few cycles.  
𝑪𝒖𝟑𝑷 + 𝒙 𝑵𝒂 → 𝑵𝒂𝒙𝑪𝒖𝟑−𝒙𝑷 + 𝒙 𝑪𝒖 (𝒙 < 1.8)                (7.1) 
7.4 Conclusion 
In summary, ultrathin double-shell Cu3P hollow nanoboxes and single-shell Cu3P 
hollow nanoboxes were synthesized through two different routes. The ultrathin 
double shells of DS-Cu3P can effectively optimize the contact between the active 
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materials and the electrolyte, leading to outstanding rate performance and long 
cycle life. The well-obtained DS-Cu3P has shown good electrochemical 
performance, because of its unique morphology. The thin nanoplates can lead to 
shortened sodium migration path. This is the reason why DS-Cu3P has better rate 
performance. This can be proved from the EIS data, which shows a very small Rct 
of DS-Cu3P. Lower charge transfer resistance is good for the rate performance. SS-
Cu3P that features a hollow structure but possesses a single shell ~200 nm in 
thickness and a dense surface can buffer the volume changes to some extent. 
Compared to DS-Cu3P, the rate and cycling performances are inferior because of 
the obstructed transfer of ions and electrons inside the thick wall. The design of 
hollow structures based on the self-templating method is very facile and easy to 
scale up. It is expected to shed light on the synthesis of other metal oxides/ metal 




Chapter 8 Conclusion and outlook 
8.1 Conclusion 
In this doctoral work, FeS2 microspheres, MoS2 nanoflowers, TiS2 ultrathin 
nanosheets, and double shelled Cu3P hollow nanoboxes have been proposed. 
Methods such as, solvothermal, hydrothermal, mechanical exfoliation, solid-state 
reaction, self-templating, chemical etching, etc. have been used. The as-prepared 
samples have been characterized and the relevant electrochemical performances 
have also been measured, and all the results showed improved performance for 
rechargeable lithium ion batteries and sodium ion batteries. 
Rechargeable Li/FeS2 batteries with FeS2 microspheres as the cathode and ether-
based diglyme as the electrolyte show much better electrochemical performance 
than those with the EC-DEC electrolyte. The main factor is that diglyme largely 
inhibits both the generation of polysulfides and the side reaction between 
polysulfides and carbonate electrolyte. For the cells with diglyme electrolyte, the 
capacities of 680 mAh∙g−1 at 100 mA∙g−1 and 412 mAh∙g−1 at 6000 mA∙g−1 are 
obtained. Furthermore, the cells after cycling 100 times at 1000 mA∙g−1 and 2000 
mA∙g−1 show the capacity retention of 90% and 85%, respectively. Our new results 
show that ether-based electrolyte is responsible for the much improved 
performance of carbon-free FeS2. It also should be pointed out that the carbon-free 
FeS2/Li cell is able to serve as the rechargeable lithium batteries even in some 
extreme circumstance where high rate capability is emphasized, which shows more 
profit than the existing primary FeS2 lithium batteries. 
MoS2 nanosheets were synthesized through the hydrothermal process. By cutting 
off the terminal discharge voltage to 1.0 V in ether-based electrolyte, H-MoS2 
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exhibits a high discharge capacity of 200 mAh∙g−1 at 0.2 A∙g−1 with a stable charge 
and discharge platform of ~1.8 V and ~1.6 V, respectively. Referring the cycling 
performance, it can cycle for 1400 times with almost no capacity fade. Thus to 
control the terminal discharge voltage should be an effective way to improve 
conversion type materials with two key factors that own an intercalation process 
before the conversion reaction happens and easy-control voltage management. 
More attentions should focus on the intercalation reaction so that MoS2 would 
finally find promising applications as the anode material for rechargeable lithium 
ion batteries. 
A facile and low-cost method was used to synthesize ultrathin TiS2 nanosheets by 
using a shear-mixing machine. The resultant NS-TiS2 delivered a discharge 
capacity of 220 mAh∙g−1 at the 2nd cycle and 386 mAh∙g−1 at the 200th cycle. 
Investigation of the mechanism, morphology changes, and kinetics to explain the 
outstanding cycling performance of the Na/TiS2 super-battery was performed. The 
collaborative effects of the stable intercalation mechanism and the advantageous 
intrinsic physical properties of NS-TiS2 are responsible for the long life and high 
rate capabilities. The selected preparation strategy is simple and cheap, which is 
expected to shed light on the preparation of other nanomaterials. 
Double-shell Cu3P hollow nanoboxes and single-shell Cu3P hollow nanoboxes 
were synthesized through two different routes. The ultrathin double shells of DS-
Cu3P can effectively optimize the contact between the active materials and the 
electrolyte, leading to outstanding rate performance and long cycle life. SS-Cu3P 
that features a hollow structure but possesses a single shell ~200 nm in thickness 
and a dense surface can buffer the volume changes to some extent. Compared to 
DS-Cu3P, the rate and cycling performances are inferior because of the obstructed 
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transfer of ions and electrons inside the thick wall. The design of hollow structures 
based on the self-templating method is very facile and easy to scale up. It is 
expected to shed light on the synthesis of other metal oxides/ metal sulfides/ metal 
phosphides with tunable hollow structures. 
8.2 Outlook 
Rechargeable lithium ion batteries and sodium ion batteries are the most popular 
topics because of their applications for mobile power supply and energy storage in 
power station. To obtain better performance, further investigations regards 
improving the energy density and power density are required. For commercial use, 
it is necessary to consider the cost against the performance. Thus, sodium ion 
batteries may be a tendency soon. 
For lithium ion batteries, during the past 30 year, the performance of lithium ion 
batteries has been improving all the time. The challenge right now is to further 
increase the energy density for portable devices and reduce the cost of production. 
For example, Ni-rich lithium metal oxides is high capacity cathode materials in 
lithium ion batteries. But the control of metal oxides precursor is much complex 
and only a few companies can achieve high quality precursors. Graphene also is a 
very high capacity anode material. The application of graphene will effectively 
enhance the energy density and power density. However, the production of high-
quality graphene is very difficult. At this stage, the collaboration between industry 
and academic research organization are needed. 
For sodium ion batteries, although they share the similar setup as lithium ion 
batteries, the difficulties are to choose the cathode materials and anode materials. 
For cathode, sodium metal oxides and Prussian blue analogues are the most 
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promising materials. But sodium metal oxides have very complex reaction 
mechanism, which provide many issues for cycling performance. Prussian blue 
analogues always have crystal water in the structure, which is highly forbidden in 
commercial battery, which will generate NaOH at the surface of electrode and 
affect the pH of electrolyte. For anode materials, hard carbon has very high capacity 
which can be used as commercial anode. But the low rate performance and low 
Coulombic efficiency are very critical issue.  
Transition metal sulfides and transition metal phosphides are very important energy 
storage materials, because of their high capacity and good rate performance. The 
improvement of transition metal sulfides and transition metal phosphides, basically 
can be summarized as follows: (1) improve the Coulombic efficiency, (2) make 
practical capacity close to theoretical capacity, (3) release the large volume, (4) 
optimize electrolytes, and (5) control the discharge depth. The most important way 
is to modify and make the surface much stabilized during cycling. Although the 
commercial lithium ion batteries and sodium ion batteries may not able to use these 
materials right now, they are able to display quality performance in some special 
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